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商　　大　　論　　集
1　はじめに
　分散ストレージ方式とは重要な情報であ
るオリジナル情報を
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードに分散さ
せて保管し，必要なときに
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩ ͖ ํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ ৘ใ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個
:
i i l [ ]
[ , ]
[ ]
[ ]
[ , , , ]
[ , , ]
[ ]
·
[ ]
, , . . . ,
の
ノードの分散情報からオリジナル情報が復
元できる方式である．よって，故障等によっ
て一部のノードの分散情報が利用できなく
なった場合でも，正常なノードが k 個以上
存在していれば，それらのノードの分散情
報からオリジナル情報が復元できるため信
頼性が確保できる．このような方式は，リー
ド・ソロモン符号のような最大距離分離
（MDS:Maximmum Dista ce Separable）
符号 [1] を利用することで実現できる．具
体的には，情報長
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
，符号長
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖Δํࣜ ͋ΔɽΑ ͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDS Αͬ ΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦ ූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
· ɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨ δํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣ τϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δ ີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ ͍ར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴ ɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
とした
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମత ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢ ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱ ϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓ ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖ ɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳ ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
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2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
符号によってオリジナル情報を
長さ
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ ؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ ར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯ ࠷খ ͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұ ɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
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෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏ ར༻͢ ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳ ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰ ʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
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2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
の符号語に符号化し，その符号語の
各シンボルを各ノードの分散情報とするこ
とで，任意の
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1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
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͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
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2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報からオリジナ
ル情報を復元可能な分散ストレージ方式が
実現できる．
　また，信頼性の観点から故障ノードを修
復できる方がより望ましいため，分散スト
レージ方式における故障ノードの修復に関
する研究が近年盛んに行われている．修復
可能な分散ストレージ方式の自明な構成法
として，故障していない任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
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1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊ υ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦ φϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔Βނোϊʔυ म෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮ ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹ υΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノー
ドの分散情報からオリジナル情報を復元
し，故障ノードが記憶していた分散情報を
再生成することが考えられるが，再生成し
たい分散情報の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷ ʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊ υͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ k
ࢄ৘ใ͔ΒΦϦδφϧ৘ใ ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ ετϨʔδํࣜ ͓͚ ނ
োϊʔυͷम෮ʹ ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳ ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸ ϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ ࢄ৘ใ ࠶ੜ੒͢ ͜ͱ͕ߟ͑ΒΕΔ͕ɼ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹର ͯɼk ≤ d ຬͨ
͢೚ҙͷ dݸͷނোͯ͠ ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞ ͍ͯΔ [2] ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳ ͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
ͭ ͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢ ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
倍の大きさの情報を利用
するため効率的ではない．この問題に対し
て，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ ഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো ͍ͯͳ͍ϊʔυ͕ੜ ͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺ ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
を満たす任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใ ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹ υΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
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࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
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φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
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͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
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ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の故障して
いないノードが生成する故障ノード修復用
の情報を集めることで効率的に故障ノード
の分散情報を再生成できる再生成符号の概
念が示された [2]．更に，各ノードが記憶
する分散情報の記憶容量（以下では，単に
記憶容量と呼ぶ）と故障ノードを修復する
ために必要な再生成情報の大きさ（以下で
は，修復帯域幅と呼ぶ）にトレードオフが
あることも示されている [2]．このトレー
ドオフにおいて，記憶容量が最小となると
きに修復帯域幅を最小とする再生成符号，
及び修復帯域幅が最小となるときに記憶容
量を最小とする再生成符号が提案されてい
る [3, 4, 5, 6]．
関数の保存を目的とした故障ノード修復可能な
分散ストレージ方式における
修復帯域幅を最小とする再生成符号の一構成法
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　一方，関数を秘密情報として分散する
秘密関数分散法が提案されている [7, 8, 9]．
この方式はしきい値秘密分散法 [10] にお
ける秘密情報を関数に拡張した方式で，ま
ず関数
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
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෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใ ϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อ ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報に符号化し，
それらを各ノードが記憶する．入力値
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹ Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨ ఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
に対する関数値
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n) ϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ ϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒ ϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦ ූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใ ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ ๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸ ϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒ େ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔ ݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜ ຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ ੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸ આ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔ ίϨΫλʔ DC ʹΑͬͯߏ
を知りたい利用者は，
入力値
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
を任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷ ͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ ɽΑͬͯɼނো౳ʹ
Αͬ Ұ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ ਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใ ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードへ送信し，
各ノードは
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷ ͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
ͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ ͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳ ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ Λ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳ ͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ ର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘ ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘ ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετ ʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
と自身が記憶している分散情
報から
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖Δํࣜ ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦ ූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυ ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚ ނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒ ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Εͯ Δ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕ ͳ ͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Εͯ Δ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸ ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x) ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴ ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυ ނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒ ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ อଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
に対する関数値復元情報を生
成して利用者へ送信する．利用者は
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕ Ͱ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ ϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใ ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕Α ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
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ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
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ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
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ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
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2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
を復元
することができる．このような関数の秘密
分散法を利用することで Kerberos 等の鍵
配送方式における鍵配送センターの機能を
分散し，一部の鍵配送センターの機能停
止や不正に対するリスクを軽減できる [9]．
しかし，ノードの故障によって破損・消失
した分散情報を効率的に再生成する方式に
ついては考えられていない．
　そこで本論文では，秘密関数分散法と同
様に，関数の保存を目的とする故障ノード
が修復可能な分散ストレージ方式を新たに
定義する．次に，提案した方式を実現する
再生成符号を提案し，その再生成符号の性
質を示す．
　本論文の構成は以下のとおりである．2
章では従来の修復可能な分散ストレージ方
式と再生成符号を説明する．3 章では，関
数の保存を目的とする修復可能な分散スト
レージ方式と再生成符号を新たに定義し，
4 章で関数の保存を目的とする再生成符号
の具体的構成法を提案する．最後に 5 章で
まとめる．
2　従来研究
2.1　修復可能な分散ストレージ方式
修復可能な分散ストレージ方式は，
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ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυ म෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
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ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
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2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の
ノード
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳ ͱ͖ʹम෮ଳҬ෯Λ࠷খͱ ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
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2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏとデータコレクター
DC によって構成される．これら
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨ δ ͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖ ɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢ ݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͠ ͍ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦ φϧ৘ใΛ෮ݩ͠ ނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ ໰୊ʹରͯ͠ k ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋ ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の
ノードの集合を
とおく．また，各ノードに分散させて記憶
するオリジナル情報を
੒͞ΕΔɽ͜ΕΒ nݸ ू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ ͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ ࣍ͷ 3ͭͷϑΣʔζ Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → Un ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒ 1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞ ɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2 ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
で表し，オリジナ
ル情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨ ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼ
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢ ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔ ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λ 1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujk ड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢ ɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U ੜ੒͢Δɽ͢ͳΘͪ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸ ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥε ର͢Δཁ݅ ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
全体の集合を
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = { 1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ· ɼ֤ϊʔυʹ෼ ͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ s ද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽ ͩ͠ɼS͸༗ݶू߹ ͜ͷͱ͖ɼS
S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ ɼ࣍ 3ͭ ϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage ystems) ݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1 ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
とおく．ただし，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = { 1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻ ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨ ࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
Λͦ ͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯ͠ ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽ن
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦ ͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒ ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λɼͦ ͧΕ j , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺ Vj,i ɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐ [11] ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は有限集合とする．このとき，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ ɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, , d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴ ϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷ ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞Ε ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Ͱද͢ͱ X ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใ sͰද͠ɼ ৘ใ sશମͷू߹Λ
S ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ ͠ s ∈ ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳ म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Sy tems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . un), uj ∈ U , 1 j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
Λͦ ͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
1
ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊ υ
͕هԱ ͍ͯΔ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނোͯ͠ ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
i1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 j ≤ dΛͦ ͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 j ≤ n
ʹର͢Δ֬཰ม ɼͦ ͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ ఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ· ɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ 1 ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | j1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
上
の確率変数とし，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢ ɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢ ɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , j2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢ ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , j2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ s ද͠ ΦϦδφϧ৘ใ sશମͷू߹Λ
ͱ͓͘ɽͨͩ͠ɼ ͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷ ɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔ Λ [n, k, d] ෼ࢄετϨ δํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
ੜ੒ 1ɽ͢ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ ɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊ υ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใ ͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ ͯఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,i ͢Δɽ·
ͨɼα = log |U|, β = log |V| ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ ݺͿ ຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋Λ Δ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
上の一様分布
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද ΦϦδφϧ৘ใ sશମ ू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ ɽ͜ͷͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭ ϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ ૊ (F,G, f, g) [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に従って発生するものとする．すなわ
ち，
となる．修復可能な分散ストレージ方式は，
以下のように定義できる．
定義 1.　4 つの有限集合
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪ
pS(s) =
1
| | , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨ δํࣜ͸ɼҎԼ Α
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬ ͢ਖ਼੔਺ n, k, dΛ
ެ։ ͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ ෮ݩϑΣʔζʼ
σ λίϨΫλʔ C nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ ϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
uˆi ∈ U Λੜ੒ ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ ɽ৽نϊʔυ ψi ͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯ ΦϦδφϧ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ ؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ ಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = β Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม Λ Y Ͱද͢ͱ X ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H ( |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X y|x ͸ X = xͷ
΋ Ͱ Y = yͷ৚݅෇͖֬཰ͱ͠ ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
 つ
の関数
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ ΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ ͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (D S:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ ؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ ͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ ͱΔ
֬཰ม਺Λ Y Ͱද ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜Ͱ pY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ ͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ Δɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊ υʹ෼ࢄͤͯ͞هԱ Φ δ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢ ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ Θͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜ [n, k, d] ετϨʔδํࣜ (DSS:
Distributed torage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧ هԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔ ίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , 2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , 2 , . . . , ujk͔ΒG(uj1 , 2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣ ζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ ͷத͔Β d ݸͷϊʔυ
ψi1 , i2 , . . . , ψid Λ೚ҙʹબ୒ ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δ ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓ ɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣʔζͰ
ੜ੒͞Ε ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ j , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
p x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , 2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , 2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
及び
n
{ψ1, ψ2, . . . , ψn} (1)
s s
S S Δɽ S
S s S S pS
ͳ
pS(s)
1
|S| , ∀s S (2)
1. 4 , S, U , V, 4 F ,
, f , g, n d k n, k, d
3
[n, k, d] ( SS:
istributed Storage Syste s)
F : S Un
s S n
(u1, u2, . . . , un), uj U , 1 j n (3)
1 s
F (s) (u1, u2, . . . , un) (4)
uj
ψj ψj uj
n k
ψj1 , j2 , . . ., ψ k Λ
k
uj1 , uj2 , . . . , ujk : Uk S
k
uj1 , uj2 , . . . , ujk (uj1 , uj2 , . . . , ujk)
ui U ψiΛ
ψi
ϊʔυ d
ψi1 , ψi2 , . . . , ψid ͢Δɽ
f : U
V vij ,i, 1 j d
f(uij , ψi) vij ,i, 1 j d (5)
1 m
d
g : Vd U
uˆi U
g( i1,i, . . . , vid,i) uˆi (6)
ψi ui uˆi
[n, k, d] SS ͍ͯ s
S F , ,
f , g uj , uˆj , 1 j n
j , ˆj
vj,i, 1 i, j n Vj,i
α log |U|, β log |V| α
γ dβ
2
2.2 [n, k, d]
[n, k, d] SS
[2]
[11]
( )
( )
x∈X
pX(x) log pX(x)
Y Y
(Y | )
(Y | )
x∈Xy∈Y
pX(x)pY |X(y x)log pY |X(y|x)
pY |X(y|x) x
Y y
2. [n, k, d] SS ( 1),
( 2) (F, , f, g) [n, k, d]
( 1) k ψj1 , j2 , . . . , ψjk
(S | j1 , j2 , . . . , jk) 0 (7)
を満た
す正整数
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
͓͘ɽ·ͨɼ֤ϊʔυʹ ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ s ද ΦϦδφϧ৘ใ sશମͷू߹Λ
S ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃ ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛ ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
( 1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = ( 1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷ ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , jk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯ͠ ނোϊʔυ ψiΛम
෮͢ ͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ Λ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸Ϋϥε Ұ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y| )͸ X = x
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ ͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を公開情報とする．こ
のとき，次の 3 つのフェーズから構成さ
れる方式を
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distrib te Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ ͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢ ɽ৽نϊʔυ ψi͸͜ͷ ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[ k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸Ϋϥε Ұ
ͭͱ͠ ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
Ͱɼ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X y|x)
ͱͯ͠ఆٛ͞Ε ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C ) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
分散ストレージ方式
（DSS:Distrib ted Storage Systems）と呼ぶ．
＜分散情報生成フェーズ＞
　管理者は，関数
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤ͞ هԱ͢ ΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢ ͜ ͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢ ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ ͸ ҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴͠ DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใ ෮ݩ ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj uj ujk G(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹ ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊ υʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹ ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH ( )͸ɼ
H (X) = −
∑
∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を用いてオ
リジナル情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମ ू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS ༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ Θͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k ຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), j ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ ͯهԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐ ٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に対する
࿦จ
ؔ਺ͷอ Λ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜ ͓͚Δ
म෮ଳҬ෯Λ࠷খ ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊ υʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷ ͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ ਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖Δ Ί৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ Ͱ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ n ූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰ ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖
·ͨɼ৴པੑͷ؍఺͔Β ϊʔυ म෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ί ෼ࢄετϨ δํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ Λ࠶ੜ੒͢Δ͜ͱ͕ߟ͑Β Δ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒ Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ ͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚ ൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ ͦ
ΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ( )Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情
報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨ ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢ ɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ s ∈ S ͸ S ্ͷҰ༷෼෍ p
ʹैͬͯൃੜ͢ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ ɼҎԼͷΑ
͏ ఆٛͰ Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ ͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯ δ
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴͠ ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙ બ୒͠ɼ֤ϊʔυ
͕هԱ͠ ͍Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ ͢Δɽ ͳΘͪɼkݸ
ͷ෼ࢄ৘ใ j1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , jk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣ ζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢ ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ Λ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓ ɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢ ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ Ϋϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖ ͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ· ɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ X ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY | (y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY | (y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ ͨɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯ ҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ ͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞Ε ํࣜ [n, , ] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
ܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σ λίϨΫλ DC͸ nݸͷϊʔυ͔Β k ݸ
ϊ υ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͠ Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , j2 , . . . , kΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
ܭࢉ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ɽ ˘
[n k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞Ε ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ ಉ༷ʹ
vj,i, 1 ≤ i, Vj,iͱ͢Δɽ·
ͨ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ ର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ Ε͍ͯ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ ࣍ͷΑ
͏ ఆٛ͞ΕΔྔ Δɽ༗ݶू߹ X ͷ্ʹ஋ ͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY | (y|x)
ͱͯ͠ ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ΕΔɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ ΦϦδ
φϧ৘ใ sͰද͠ɼ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ ͜ͷͱ͖ S
Λ S ্ͷ֬཰ม਺ ͠ s ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ ఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿ
ʻ෼ࢄ৘ ੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β
ϊʔυ ψj1 , ψj2 , . . ., ψ ೚ҙʹબ୒͠ɼ֤
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴ kݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼ G : Uk → S
Λ༻͍ͯΦϦδφϧ Λ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱͯ͠ ͨނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, ΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊʔυ͸ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใ ui = uˆi
ͱͯ͠هԱ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ ɼͦΕͧΕ Uj , Uˆj ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
[11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ Α
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞Ε ɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, ψ2, . , ψn} (1)
ͱ͓͘ ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ sશମ ू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ ҎԼͷΑ
͏ ఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (D S:
Distributed Storage Systems)ͱݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . , un), uj ∈ U , 1 ≤ j ≤ n (3)
ੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s
F (s) = (u1, u2, . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , ., ψjk Λ೚ҙʹબ୒͠ ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . , jkΛड৴ ͨDC͸ɼؔ ਺ : Uk → S
Λ༻͍ͯΦϦδφϧ Λ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . , ujk͔ΒG(uj1 , uj2 , . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻ ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1 ͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊʔυ͸ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U ੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] D S ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ ಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶
ఆٛ 1ͷ [n, k, d] D SΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [ 1]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ ྔͰ͋ ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸
H (X) = −
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ ஋Λͱ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH Y |X)͸
H (Y |X)=−
x∈Xy∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] D S ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
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੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
から
を計算する．次に，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を安全な通信路を
用いてノード
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ ͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に送信する．ノード
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊ υ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠ ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δ kݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H ( ) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H ( | )=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は，
受信した分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
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ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
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ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
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Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
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2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸Ϋϥε Ұ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖ ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞Ε ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
をそれぞれ記憶する．
＜オリジナル情報復元フェーズ＞
　データコレクター DC は
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ Α͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢ ͜ͱͰɼ೚ҙ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x) ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ ϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードか
ら
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυ ෼ࢄ৘ใ ΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ ΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อ ɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦ ͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝Μ ߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔ ͖ʹम෮ଳҬ෯Λ࠷খ ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δ ؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿ ৘ใΛؔ਺ ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δ ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλ ͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノード
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ kݸ ؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จ ߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏを任意に選
択し，各ノードが記憶している分散情報を
受信する．
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖ ɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔ ͖ هԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใ ੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔ म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλί Ϋλʔ DC͸ n ͔Β k ݸͷ
ϊ υ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹର͠ ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞Ε ɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を受信した DC は，関数
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷ ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷ ෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷ ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢ ɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒ ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ i Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨ ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱ͠ ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を用
いてオリジナル情報を復元する．すなわ
ち，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊ υͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊ υͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ ނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒ ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δ ஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
Ϩʔδํࣜ ৽ ʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ ҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4 ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ n ͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͠ ͍Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
j1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ ΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk G(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣ ζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψi ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : ×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ هԱ͢Δɽ ˘
[n, k, d] DSS ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺ ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y | ) −
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
から
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒ ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj Uˆj ͱ͠ɼಉ༷
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋ ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨ͢ ૊ (F,G, , g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を計算する．
＜再生成フェーズ＞
　分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷ ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใ ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems) ݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : U → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵ ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
త ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH ( )͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y | )͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊ υ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を記憶していた故障
ノード
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Sy ems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠ ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙ ू߹ A ࣗવ਺ m ʹର ͯɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ ɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d]
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ Τϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ ΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λ
Δ֬཰ม਺X ͷΤϯτϩϐ H (X)͸ɼ
H (X) = −
∑
x∈
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨ ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
p x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψ k ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を修復するために，新規ノー
ド i を設置する．新規ノードは，故障し
ていないノードの中から
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨ ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ Λ sͰද ΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ Λ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
ܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
త ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐ H ( )͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ ஋ΛͱΔ
֬཰ม਺Λ Y ද ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
個のノード 
੒͞ Δɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ p
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖ ɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed torage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒ Δ1ɽ ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢ ɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣ ζʼ
σʔ ίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠ ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 2 , . . . , ujk͔ΒG(uj1 2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊ ɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , v d,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ґଘͯ͠ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
Ͱɼ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺ ΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log p (x)
ͱͯ͠ఆٛ͞Ε ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸
H (Y |X)=−
∑
x∈X
∑
y∈Y
p x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , 2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , 2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を任意に選択する．次に，
選択された各ノードは記憶している分散情
報と関数
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද ΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷ ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , jkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪ kݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
త ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠Δ Ί ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [ , k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2] ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y | )͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
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を用いて，再生成
情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใ ͢Δ ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
ੜ੒ 1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊ ɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒ Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼ m Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δ
Λܭࢉ ɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅ ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
Ͱɼ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
p (x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x ͸ X = x
΋ͱͰ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
をそれぞれ生成する．
すなわち，
を計算する．これら
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ ɽ͜ ͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ ɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s S (2)
ͱͳ ɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ ɼؔ਺ F : S → Un ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻ ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ ݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , j . . . jk ͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹର͠ ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴ ɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ ˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [ ]ɽ͜ ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
個の再生成情報は新
規ノードに送信され，新規ノードは関数੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を用いて分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ ͳΘͪɼ
p (s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λ ͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣ ζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を生
成する．すなわち，
を計算する．新規ノード
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷ ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ Λड৴͢ ɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ ؔ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͠ ͍ͳ͍ϊʔυ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V ༻͍ͯɼ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
はこの分散情報
を
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ ͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, Λ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ j ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
ܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = ˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓ ɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞Ε ৘ใ͸ ͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λɼͦ ͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
v ,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔ
γ = dβ म෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐ [11]Λ༻͍ͯఆٛͰ͖ ɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ Α
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද ͱ X ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜Ͱ pY |X(y|x) X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
として記憶する． □
　
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυ ू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭ ϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ ੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , n), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., jk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢Δ Ίʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , i2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃ ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬ ɼͦΕͧΕ Uj , Uˆj ͱ͠ ಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,i ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [2]ɽ ࠶
ੜ੒ූ߸ Ϋϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = x
΋ͱͰ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
において，オリジナル情報
͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N {ψ ,ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ ΦϦδφϧ৘ใ sશମͷू߹Λ
S ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ s ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼ Α
͏ʹ Ͱ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k ຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢ ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ n ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴͠ ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ ݩϑΣʔζʼ
σʔλίϨΫλʔ DC nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠ ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = l |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, ] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭ ͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
が確率的に発生することを仮定している
ため，各フェーズで生成される情報は全て
੒͞ΕΔɽ͜ΕΒ nݸͷϊ υͷू߹Λ
N = {ψ ,ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k ຬͨ ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢ ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ ͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨ δํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧ هԱ Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸ
ϊʔυ ψj1 , ψj2 , . . ., jk Λ೚ҙʹબ୒ ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
上の一様分布と関数
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ Λ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽ ͩ͠ɼ ͸༗ݶू߹ ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯ υ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ ͍ͯΔ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸ ϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δ ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢ ֬཰ม਺ ɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ n ର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ ͖ɼαΛهԱ༰ྔɼ
γ = dβ म෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε ͍Δ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = x
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦ φϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ S
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊ υ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢Δ Ίʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊ υ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に依存
して定まる．ここで，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυ ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼ ͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳ म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ ͱ͖ɼ࣍ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹ uj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤
͕هԱͯ͠ Δ ड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λ ͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒ ৘ใ͸શͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,i ͢ ɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔ ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊ υ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に
対する確率変数を，それぞれ
੒͞ΕΔɽ͜ΕΒ nݸ ϊʔυ ू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ ͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ ݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒ 1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊ υ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻ ͯΦϦδφϧ ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͠ ͍Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼ m Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δ ͜ΕΒ dݸͷ࠶ੜ੒ ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n k, d] DSS ͓͍ͯ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ͠ ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼ ਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
p ( ) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX( )pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
とし，
同様に
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼ Α
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ ͱ͖ɼ࣍ 3ͭͷϑΣ ζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ ؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, 2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕ Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻ ͯΦϦδφϧ৘ใΛ෮ݩ Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮ ͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ ͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙ બ୒ ࣍ ɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒ Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽ن ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͠ ͍ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ Ұ༷෼෍ ؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,i ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ αΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨͡ ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] D SΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ Ϋϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ ఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ ͱΔ
֬཰ม਺Λ Y Ͱද͢ͱ X ͕༩͑ΒΕͨͱ͖ͷ Y
৚݅෇͖ΤϯτϩϐʔH (Y X)͸ɼ
H (Y | )=−
∑
x∈X
∑
y∈Y
X(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に対する確率変数を
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} 1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ g : Vd → U ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δ ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] SS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ શͯ S ্ͷҰ༷ ෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
v ,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿ ຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐ ٴͼ৚݅෇ Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ ஋Λͱ
֬཰ม਺Λ Y Ͱද ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬ ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
とする．また，
੒͞ Δɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυ ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒ Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
ܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ ड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ ϑΣʔζʼ
σʔ ίϨΫλʔ DC͸ n ͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujk ड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ ΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓ ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒
ఆٛ 1ͷ [n, k, d] DSS ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [2]ɽ͜ ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤ τϩϐʔH (X)͸
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ ͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y | )͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
p (x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
n
N = {ψ1, ψ2, . . . , ψn} (1)
ʹ
s s
S S S
S s ∈ S S pS
pS(s) =
1
|S| , ∀s ∈ S (2)
1. 4 N , S, U , V 4 F ,
G, f , g, n > d ≥ k n, k, d
3
[n, k, d] (DSS:
Distrib ted Storage Systems)
F : S Un
s ∈ S
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
͢ 1 s
F (s) = (u1, u2, . . . , un) (4)
Λ uj
ψj ψj ɼ uj
෮ݩ
DC nݸ k
ψj1 , ψj2 , . . ., ψjk Λ
k
uj1 , uj2 , . . . , ujk DC G : Uk S
uj1 , uj2 , . . . , ujk G(uj1 , uj2 , . . . , ujk)
ui ∈ U ψi
ψi
d
ψi1 , ψi2 , . . . , ψid
f : U×N
V vij ,i, 1 ≤ j ≤ d
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
d
g : Vd U
uˆi ∈ U ɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ψi ui = uˆi
[n, k, d] DSS s
S F , ,
f , g uj , uˆj , 1 ≤ j ≤ n
Uj , Uˆj ͱ
vj,i, 1 ≤ i, j ≤ n Vj,i
α = log |U|, β = log |V| α
γ = dβ
2
2.2 [n, k, d]
1 [n, k, d] DSSΛ
[2]
[11]
X
X ϯ H (X)
H (X) = −
x∈X
pX(x) log pX(x)
Y
Y X Y
H ( )
H (Y |X)=−
x∈Xy∈Y
pX(x)pY |X(y x)log pY |X(y|x)
pY |X(y|x) X = x
Y = y
2. [n, k, d] DSS (C1),
(C2) (F,G, f, g) [n, k, d]
(C1) k ψj1 , ψj2 , . . . , ψjk
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
とおき，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυ ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DS :
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦ φϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸ ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , j2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱͯ͠ ͨނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
ܭࢉ ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻
ࢄ৘ใ uˆi ∈ U Λ ͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ ͸શͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ґଘͯ͠ఆ·Δɽ͜͜ uj , uˆj , 1 ≤ j ≤ n
ʹର Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ Vj iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [ , k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭ ͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖ ɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ ͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = x
΋ͱͰ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2) ຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C ) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | U 1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を記憶容量，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = { 1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢ ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄε Ϩʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬ ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distrib ted Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
( 1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = ( 1, 2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼ j Λ҆શͳ௨৴࿏ ༻͍ͯϊ υ
ψj ʹૹ৴ ɽϊ υ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
هԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣ ζʼ
σʔλίϨΫλʔ DC͸ nݸ ϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙ બ୒͠ɼ֤
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸ ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , jk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮ ͨΊ ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͠ ͍ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ ؔ਺ F , G,
f , g ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹ ͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨͡ ɼର਺
ఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] D SΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱ X ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y| )͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を修復帯
域幅と呼ぶ．本論文を通じて，対数の底は
2 とする．
2.2　[n, k, d] 再生成符号
　定義 1 の
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ ʹ ͤͯ͞هԱ͢ΔΦϦδ
φϧ Λ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢ ͷͱ͖ S
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣ ζʼ
؅ཧऀ͸ɼؔ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ର nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯ υ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ υ ψi ͜ ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ ͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢ ֬཰ม਺ΛɼͦΕͧ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର ཁ݅͸ Τϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ ఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋ ༗ݶू߹ X ͷ্ʹ஋Λͱ
֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を実現する符号ク
ラスの一つとして，再生成符号が提案され
ている [2]．この再生成符号のクラスに対
する要件は，エントロピー及び条件付きエ
ントロピー [11] を用いて定義できる．こ
こで，エントロピー及び条件付きエントロ
ピーは次のように定義される量である．有
限集合
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹
N = {ψ1, ψ2, . . , ψn} (1)
ͱ͓͘ɽ·ͨ ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΦϦδ
φϧ৘ใΛ sͰද͠ ΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼ Α
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λ 1 ΦϦδφϧ৘ใ s͔Β
F s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊ υ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴͠ ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒ ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠Δ Ίɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม ΛɼͦΕͧΕ Uj , Uˆj ͠ɼಉ༷
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢ ූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞ ͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ Τϯτϩϐʔٴͼ
৚݅෇͖ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ ্ʹ஋Λ
֬཰ม਺ ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log p (x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
の上に値をとる確率変数
੒͞ΕΔɽ͜ΕΒ ݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
͓͘ɽ·ͨ ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, , dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର nݸͷ෼ࢄ৘ใ
u1, u2, . . . , un), j ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
ܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽ ψj ɼड৴ ͨ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼk
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ ͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼ m Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴ ɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ ΛԾఆ ͍ͯΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ ɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢
2.2 [n, k, d]
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢ ූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τ τϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷ (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨ ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
のエン
トロピー
੒͞ Δɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, 2, . . . , ψn} 1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤ͞ هԱ ΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ ͨͩ͠ɼS ༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ ҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed torage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽ ψj ͸ɼड ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔ ίϨΫλʔ C nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸ ෼ࢄ৘ใ
uj1 2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 2 , . . . , ujk͔ΒG(uj1 2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , 2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψ ) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
ܭࢉ͢Δɽ͜Ε dݸͷ࠶ੜ੒৘ใ͸৽نϊ υʹ
ૹ৴͞Ε ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , v d,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ ͍ͯΔͨΊ ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ ؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα log |U|, β = log |V| ͓͖ɼαΛهԱ༰ྔɼ
γ = β Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ ͷ [n, k, d] DSS ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ Ϋϥ ʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
p x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2) ຬͨؔ͢਺ ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , j2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , j2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は，
として定義される．また，有限集合
੒͞ΕΔɽ͜Ε nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ ɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨ δํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ ɽ͜ ͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems) ݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ ؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , ≤ j ≤ n (3)
1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2 . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸ ϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , uj Λड৴ ͨDC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔ ψiΛम
෮͢ΔͨΊʹ ৽نϊʔυ i Λઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ ͍ϊʔυͷத͔Β d ݸͷ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊ υ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi ͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
[n, k d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣ Ͱ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ͠ ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭ ͠ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐ [ 1]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
Ͱ Τϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱ X ͕༩͑ΒΕ ͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
の上
に値をとる確率変数を
੒͞ Δɽ͜ΕΒ nݸ ϊʔυͷू߹Λ
N = {ψ1, 2, . . . , n} (1)
ͱ͓͘ɽ·ͨɼ֤ϊ υʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
S ͓͘ ͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ S
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δ
ఆٛ 1 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭ ϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed torage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1 ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔ ίϨΫλʔ DC͸ nݸ ϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , j2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸ ෼ࢄ৘ใ
uj1 , j2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใ ෮ݩ ͢ͳΘͪ kݸ
ͷ෼ࢄ৘ใuj1 , j2 , . . . , ujk G(uj1 , j2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , i2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
ܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ ৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid i) = uˆi (6)
Λܭࢉ͢ ৽نϊʔυ ψi͸ ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ˘
[n k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ ͍ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = β Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSS ࣮ݱ͢Δ ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ Α
͏ ఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋
X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞Ε ɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ ͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
p (x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY | (y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2) ຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , j2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , j2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
で表すと，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤ͞ هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද ΦϦδφϧ৘ใ sશମ ू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ ͜ͷͱ͖ɼS
S ্ ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ ΋ ͱ͢Δɽ ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ ͞ΕΔํࣜΛ [n, k, d] ෼ࢄε Ϩ δํࣜ (DSS:
Distributed Storage Systems) ݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ ɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙ બ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ ΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
ܭࢉ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ Β dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸ ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃ ͜ͱ Ծఆ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શ ্ ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ͠ ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷
v ,i, ≤ i, j ≤ nʹର͢ ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ ݺͿɽຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSS ࣮ݱ ූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐ ͸࣍ Α
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺ Τϯτϩϐ H (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱ ͯఆٛ͞ΕΔɽ͜͜Ͱ pY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
が与
えられたときの
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊ υʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମ ू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢ ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ s ∈ S ͸ S ্ Ұ༷෼෍ pS
ैͬͯൃੜ͢ ΋ͷͱ͢Δɽ ͳΘͪɼ
pS(s)
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣ ζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨ δํࣜ (DSS:
Distributed Storage Systems)ͱݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ ΦϦδφϧ৘
ใ s ∈ S ʹର Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢ ɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷ υ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . . ψjk Λ೚ҙ બ୒ ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใ ͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U Λ ͍ͯͨ͠ނোϊʔυ iΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒ Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δ ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ i = uˆi
هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ ΛԾ ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞Ε ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ j , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ ූ߸ΫϥεͷҰ
ͭͱ͠ ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ Α
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋Λ Δ
֬཰ม਺Λ Y ද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)p |X(y|x)log pY |X(y|x)
ͱ͠ ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
の条件付きエントロピー
੒͞Ε ͜ΕΒ nݸͷϊʔυͷू߹
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใ sͰද͠ɼΦϦδ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ ͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬ ͢ਖ਼੔਺ , k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = ( 1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴ ϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ j
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ ݩϑΣʔζʼ
σʔλίϨΫλ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͠ ͍Δ෼ࢄ৘ใΛड৴ Δɽkݸͷ
uj1 , j2 , . . . , kΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใ ෮ݩ ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk G(uj1 , j2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸ ϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒ Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴ ɼ৽نϊ υ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒ ɽ͢ͳΘͪ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใ ui = uˆi
ͱͯ͠هԱ ɽ ˘
[n, k, d] DSS ʹ͓͍ ΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣ ζͰ
ੜ੒͞Ε ৘ใ͸શ S ্ͷҰ༷෼෍ ؔ਺ F , G,
f , g ʹґଘ ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢ ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔ
γ = dβ Λम෮ଳҬ෯ ຊ࿦จ ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [1 ]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ ෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨ ༗ݶू߹ Y ͷ্ʹ஋Λͱ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ Εͨͱ ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY | (y|x)
ͯ͠ఆٛ͞Ε ɽ͜͜Ͱ pY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, , g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は，
1　ここで，任意の集合A と自然数m に対して，Am を集合
A のm 個の直積集合とする．
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
| | , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
ੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ s͔Β
F (s) = (u1, 2, . . . , un) (4)
ܭࢉ͢Δɽ࣍ʹ uj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ ड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛ ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊ υ ψi ઃஔ Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใ ؔ਺ f : U×N →
V Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5
1͜͜Ͱ ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ ಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, ] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11] ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ ϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ΤϯτϩϐʔH (X)͸
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y Δ
Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ Ͱͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠
ఆٛ 2. [n k, d] DS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨ ؔ਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} 1
͓͘ ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ ͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , , U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ 3ͭͷϑΣ ζ͔Β
ߏ੒͞Ε ํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
( 1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
ܭࢉ͢Δɽ࣍ ɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ͦΕͧΕهԱ͢
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψ Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ Θͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 . . . , ujk)
Λܭࢉ͢ ɽ
ʻ࠶ ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ ͨΊʹɼ৽نϊ υ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 j dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢
ܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒ ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λ ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊ υ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ ΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δ ͜͜Ͱɼuj , uˆj , 1 j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨͡ ର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒
ఆٛ 1ͷ [n, k, d] D SΛ࣮ݱ͢Δූ߸ ͷҰ
ͭ ͯ͠ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ Ϋϥε ର͢Δཁ݅͸
৚݅෇͖Τϯτϩϐʔ [11] ༻͍ Ͱ͖ ɽ͜͜
ͰɼΤϯτϩϐ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋ ༗ݶू߹ X ্ʹ஋Λͱ
֬཰ม਺X ͷΤϯτϩϐʔH (X)͸
H (X) = −
∑
x∈X
pX(x) log p (x)
ͱͯ͠ఆٛ͞ Δɽ·ͨ ༗ݶू߹ ্ʹ ΛͱΔ
֬཰ม਺ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH ( |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞Ε ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰ Y = y ෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨ ؔ਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ΕΔɽ͜ΕΒ nݸ ϊʔυ ू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖ ɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠ ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷ ͔Β k ݸ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢ ෼ࢄ৘ใ
uj1 , j2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ ΦϦδφϧ৘ใΛ෮ݩ ɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
త ൃੜ ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ· ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͠ ಉ༷ʹ
vj,i, ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓ αΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭ ͯ͠ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ 2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର ཁ݅͸ Τϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ ͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม X ͷΤϯτϩϐ H (X)͸ɼ
H (X −
∑
x∈X
pX(x) log pX x)
ͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY | (y|x)͸ = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸ ϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ S
S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬ ͢ਖ਼੔ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭ ϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣ ζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ n ෼ࢄ৘ใ
(u1, 2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = ( 1, u2, . . . , un) 4
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴͠ DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใ ෮ݩ ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk G(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛ
෮͢ΔͨΊʹ ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ ɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊ υʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi ͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ F , G,
f , g ґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj i, 1 ≤ i, j ≤ nʹର Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = β Λम෮ଳҬ෯ͱݺͿ ຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞Ε ɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸ ϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
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として定義される．ここで，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
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(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
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Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
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෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
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੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
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φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽ ͩ͠ S͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
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͕੒ཱ͢Δɽ
再生成符号と呼ぶ．
(C1) 任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ Ͱ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノード
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ ຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σ λίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ɽ ˘
[n, k, d] DSS ʹ͓͍ ɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞Ε ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ ූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = x
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に対して，
が成立する．
(C ) 任意の2 ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
個のノード(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ ͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ , j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ ͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊ υ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ ͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ α ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽ ͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻ ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
に対して，
が成立する．
　ここで，関数
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1 i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, ] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= ( kj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk( d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
によって計算される
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ ͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸
ͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR
( inimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MB
RashmiΒ͸ [n, k, d] BRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . , ϕ
k−1
j )
⊤ ∈ Fdq , ( 1)
ψ
j
= (ϕkj , ϕ
k+1
j , . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢ ͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k) ɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · ψid
]⊤
( 4)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . , ψ
⊤
nM
)
. (16)
は，
故障していない
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ ೚ҙ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀ ಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খ ͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (α S , γMSR) Λ MSR ఺
( inimum Storage Rege erati g point)ɼम෮ଳҬ
෯ γ ͕࠷খ ͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Rege erati g pointʣͱݺͿɽMSR఺͸ɼ
(α S , γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱ͠ ɽ·ͨ ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻ ͨ͠ ΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼ ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙ k ݸͷ ψj1 ,
ψj2 , . . . , jk ,͸Ұ࣍ಠཱͱ Δɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
j1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
1 , ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
個のノードが持つ分
散情報と
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
Ұҙʹఆ· ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͠ ͕ͬͯɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ ϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆ ɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k) ͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใ M ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid , Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζ ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
に対して，上記 2 つの条件を満
たすような
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼ ͠
͍ͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ Λҙຯ͍ͯ͠
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙ dݸ ϊʔ
υ͕ੜ੒͢ ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2] ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ খ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔ ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] P -MBRූ߸ʹ
ج͍͍ͮͯ ҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ S = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜Ͱ O(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
である． □
　上記の条件 (C1) は，任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ Ұߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜ ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυ ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ Ͱ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
n ͨ͠ [n, k] DSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ ͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δ म෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼ ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散
情報からオリジナル情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର ݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ n ର͢ ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
が一意に定まる
ことを意味している．一方，条件 (C2) は
故障ノード以外の任意の
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷ ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐ H (X)͸ɼ
H (X) −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸ ϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
個のノードが生
成する再生成情報から，故障ノードの分散
情報が一意に定まることを意味している．
　再生成符号
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใ ෮ݩ͢ ɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒ Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆͯ͠ ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ ɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞Ε ɽ ͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7
͕੒ཱ͢Δɽ
において
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψj Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނোͯ͠ ͳ ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢ ɽ৽نϊʔυ ψi ͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆͯ͠ ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,i ͢Δɽ·
ͨɼα = log |U|, β = lo |V|ͱ͓͖ɼα هԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸Ϋϥ ͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
Ͱ Τϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ X ͕༩͑Β ͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
と
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ· ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢ ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ Λҙຯ͠ ɽ
࠶ੜ੒ූ߸ (F,G f, g)ʹ ͍ͯ ͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
Φϑ ͳ ͜ ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔ ͖ʹम෮
ଳҬ෯ γ ࠷খͱ͢Δ (αMSR, γMSR) Λ MSR ఺
(Minimum S orage Regenerating point)ɼम෮ଳҬ
෯ γ ͕ ͳ ͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼ BR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[ , , ] ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct- atrixʹجͮ͘ [n, k, d] PM-MBR
(Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ ූ߸͸ [n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽ ͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k) શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
φϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ n ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は小さい方が望ましいが，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊ Ҏ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, ] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
の
場合に両者はトレードオフとなることが
示されている [2]．したがって，両者を同
時に小さくすることはできない．このト
レードオフにおいて，記憶容量
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ S
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , jk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹ ৽نϊʔυ ψi ઃஔ ɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ ɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢ ɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢ ɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2) ຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d]
ූ߸ͱݺͿɽ
(C ) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . , ψjk ʹର͠
ͯ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
が最小
となるときに修復帯域幅
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯ هԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸
ج͍͍ͮͯΔɽҎԼͰ ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を最小とする
点 (
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞Ε ํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣ ζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ Λ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , j2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦ ͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱ ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ ͢ ɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺Λ ͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨ ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱ ͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
MSR,
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1) ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕ ͳ ͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] S ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrix جͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜Ͱ Fq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = ( j , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ ੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ j ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
MSR) を MS 点（Minimum 
Storage Regenerating point），修復帯域幅 
が最小となるときに記憶容量 を最小とす
る点 (
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։ ͱ ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → Un ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ ϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log p (x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱ͠ ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
MBR,
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼ ʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (α SR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
,
d log |S|
k(d r − )
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, , d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d] ූ߸Λ
[ , k, d] MBRූ߸ ݺͿ [n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ ಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O( −k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid , Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪ d×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
MBR) を MBR 点（Minimum 
Bandwidth Regenerating point）と呼ぶ．
MSR 点は，
で与えられ，MSR 点を達成する
੒͞ Δɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳ ɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δ
1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un) uj ∈ U 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣ ζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . , ujkΛड৴͠ DC͸ ؔ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 uj2 . . . ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] D S ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭ ͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ Ͱͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
再
生成符号を
੒͞ΕΔɽ͜ Β nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢Δ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ S͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, , d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1 u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
هԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔ i Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ ͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ Β dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ ͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞Ε ྔͰ͋Δɽ༗ݶू߹ X ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x) X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, ] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
M R 符号と呼ぶ．一方，
MBR 点は，
で与えられ，MBR 点を達成する
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ S
Λ S ্ͷ֬཰ม਺ͱ͠ s ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳ ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖ ɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷ ͖ ࣍ͷ 3ͭͷϑΣʔζ͔
ߏ੒͞ ํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems) ݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → Un ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊ υ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V ༻͍ͯɼ࠶ੜ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U ੜ੒ Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
再生成符号を
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ ͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼ
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭ ؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ Δ ͱ͖ɼ࣍ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ ੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢ 1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
ܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣ ζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽ ݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼ ݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊ υͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ ͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ ΛͦΕͧΕ
ੜ੒ Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ ؔ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ͠ ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ αΛهԱ༰ྔɼ
γ = dβ म෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
Ͱɼ ٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋ ɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
MBR 符号と呼ぶ．
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυ ू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼ ͸༗ݶू߹ͱ͢Δɽ͜ ͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳ म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k ຬͨ ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣ ζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , n), uj ∈ U , 1 ≤ j ≤ (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujk ड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใ ෮ݩ ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , u k)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো ͍ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U ੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ ͯهԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘ͠ ఆ·Δɽ͜͜Ͱ uj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର Δ֬཰ม਺Λ Vj,iͱ Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ Ϋϥεʹର͢Δ ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞Ε · ɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ༩͑ΒΕ ͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨ ؔ਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . Ujk) = 0 (7)
͕੒ཱ͢Δɽ
再生成符号の中でも，特に
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹
N = {ψ1, ψ2, . . . , ψn} (1)
·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽ ͩ͠ɼS͸༗ݶू߹ ͢Δ ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ ҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શ ௨৴࿏Λ༻͍ ϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ Β dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1 [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
[11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ ΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y | )=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = y ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
MSR 符号，及び
੒͞ΕΔɽ͜ΕΒ n ϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ · ɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ͠ɼs ∈ ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : → Un ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψj Λ೚ҙ બ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢ ɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
[n k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠Δ Ίɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i 1 ≤ i, j ≤ nʹର͢ ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, , d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δ ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱ ͯఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ ɼpY |X(y|x)͸ X = xͷ
΋ͱͰ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ j1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
MBR 符号の構成
法に関する研究が，数多く行われている [4, 
5, 6]．
2.3　[n, k, d] PM-MBR 符号
　Rashmi らは
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊ υʹ ͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ ΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ S͸༗ݶू߹ͱ Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢ ΋ ͱ Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ (2)
ͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ ɼҎԼ Α
͏ʹఆٛ ͖
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f g, ٴͼ n > ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ ͖ɼ࣍ͷ 3ͭ ϑΣ ζ͔Β
ߏ੒͞Ε ํࣜΛ [n, k d] ෼ࢄετϨʔδํࣜ ( SS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪ ΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ ͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . vid,i) = uˆi (6)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ ͯهԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋ ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
MBR 符号の一般的
な構成法として，Product-Matrix に基づ
く
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใ sͰද͠ɼΦϦδφϧ৘ใ sશମ ू߹
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷ ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ Ұ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ ͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ ਖ਼੔਺ n, k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed torage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : → UnΛ༻͍ͯΦϦδφϧ
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣ ζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujk ड৴ͨ͠DC͸ɼؔ ਺G : Uk S
ΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴ ɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ Ϋϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋ ɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨ ͖ͷ ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼ ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
PM-MBR 符号（Product-Matrix 
MBR 符号）を提案した [4]．
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, d
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distribu ed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩ
σʔλίϨΫλʔ D ͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk ʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼk
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽ن
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢ ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ ͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖ ϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞Ε ɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱ ͨɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ ؔ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙ ू߹ A ࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ
[n, k, d] DSS ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢ ཁ ͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log p (x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨ ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ i ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸ ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͠ ͕ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ Ε͍ͯ [2]ɽ͕ͨͬͯ͠ɼ
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ࠷খͱͳΔͱ ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n k, d] MSRූ߸ɼٴͼ [ , , ] MBR
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] BRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼ ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] P -MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙ ਖ਼੔਺ , k, dʹରͯ͠ S = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1)⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−q (12)
ͱ͢Δɽ ͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ ຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද ɽ࣍ʹɼΦϦδ
φϧ ʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k) C ͸ k kରশߦྻɼD
͸ k × (d k)ߦྻͱͨ͠ɽΑͬͯ ΦϦδφϧ৘ใ
ߦྻM ͸ × ରশ ͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
j2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳ ͳΘͪɼk× ߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙ dݸͷ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸ ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞ ͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
ϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating poi t)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕ MBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matri ʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ ΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ· Λҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͠ ͕ k ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point) म෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γ ) =
(
log | |
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
ಛʹ [n, k, d] SRූ߸ɼٴͼ [n, k, d] MBRූ߸
ߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [ , k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ S = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO d−k)×(d−k)͸શͯͷཁૉ͕ 0
(d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID ͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
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関数の保存を目的とした故障ノード修復可能な分散ストレージ方式における修復帯域幅を最小とする再生成符号の一構成法
本 研 究 で 提 案 す る 符 号 は，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
PM-
MBR 符号に基づいている．以下では，
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱ ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, ] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
PM-MBR 符号の概要を説明する．
2.3.1　準備
　
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
PM-MBR 符号では，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯ هԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খ ͳΔͱ͖ʹ αΛ࠷খͱ ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ ಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀ ఏҊ͢Δූ߸ ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を満たす任意の正整数
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿ MSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, , d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓ ɽ͜͜ͰɼFq ΛҐ਺ q ༗
ݶମͱͨ͠ ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨ ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
に対して，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq Ґ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1)⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸ ϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ ͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ Ϩʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γM ) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ Δ఺
(αMBR, γ R) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ ؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͓͘ ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ͸Ұ࣍ಠཱͱͳΔɽ͢ Θͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , jk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
と お
く．ここで，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ SR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ Λ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํ MBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ ٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS k 2d−k+1)/2,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ ɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を位数
, , ,
ใ
α
q
̸ ′
′ ̸ ′
の有限体とした．
また，ID 情報
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ· ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g) ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
Φϑͱͳ ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γ SR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γ BR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ ͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙ ਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼ ৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ ຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
M ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を，
とする．ただし，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұ ʹఆ· ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Εͯ Δ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ খ͘͢͞Δ͜ ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕ MSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢ ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は 0 以外の値
で，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱ ؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ ͍ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹ
ଳҬ γ Λ ͢ ఺ (αMSR, γMSR) MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] P -MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < n ຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = k(2d−k+1)/2,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯ ཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓ ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(1 )
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を満たす任意の
(C2) ೚ҙͷ d+ 1ݸ ϊʔυ ψi, i1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱ ؔ਺ g Αͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯ ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬· ͍ ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
Φ ͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬ͠ ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹ
ଳҬ γ Λ ͢ ఺ (αMSR, γMSR) MSR ఺
(Minimum Storage Regenerating point ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํ MBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ ಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] P -MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < n ຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
j = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ ೚ҙͷ j, ′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d− ) (d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
i1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣ ζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
に対して
(C2) ೚ҙ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙ kݸͷ෼ࢄ৘ใ͔Β
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ ͷ dݸͷϊʔ
υ͕ ͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳ ͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) Λ BR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼ S ఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸ ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱ͠ ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
= (ψj , ψj)
⊤, ( 0)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj ,
k+
j , . . . , ϕ
d 1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ ( )× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬ ɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼ ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ sͱΦϦδφϧ ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓ ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱ ͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 , . . . , ψ
⊤
nM
)
. (16)
を満たすように定める．また，記
号
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
Φϑ ͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γ R) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼ SR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼ BR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙ ਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . ,
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ ͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
=
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱ Δɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢ ɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は転置を表す．次に，オリジナル情報
によって定められるオリジナル情報行列を
と定義する．ここで，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞Ε uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ɼ্ه 2ͭ ৚ Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্ه ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s Ұ ʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ ੜ੒͢ ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ Λҙຯ͠ ͍Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ α β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ ఺ (αMSR, γMSR) Λ MSR ఺
(Mi imum Storag Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBR ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ k ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = ( , ϕj , ϕ
2
j , . . . ,
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ఆٛ͢Δɽ͜͜Ͱ O(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− )× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ k(2d− k + 1 /2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼ ×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
j2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は全
ての要素が 0 の
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, i2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜ Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1 υ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔Β
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊ ͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ ͍ͯΔɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ ྆ऀ͸τϨʔυ
Φϑ ͳ ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͞ ͜ Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খ ͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Re enerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ Δ఺
(αMBR, γ BR) ΛMBR఺ʢMinimum Bandwidth
Re enerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํ MBR఺͸ɼ
(αMBR, γ BR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [ , , ] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
j = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
(ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ ( )× (d k)ߦྻɼC ͸ k × kରশߦྻ D
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯ ΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚ ಠཱ ཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓ d ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
行列，
(C2) ೚ҙ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜ ɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ ނো͠
͍ͯͳ͍ n − 1ݸ ϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C )͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ ͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ ྆
ऀΛಉ࣌ʹখ͘͞ ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔ ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) Λ BR఺ʢMinimum Bandwidth
Regenerat ng pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . , ϕ
k−1
j )
⊤ ∈ Fdq , ( 1)
ψ
j
(ϕkj , ϕ
k+1
j , . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d k)× (d k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ k(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ d ID৘ใ
ψi1 , ψi2 , . , ψid ,͸Ұ࣍ಠཱͱ Δɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . , un)
=
(
ψ⊤1 M,ψ
⊤
2 , . , ψ
⊤
nM
)
. (16)
は
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ ͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͠ ͍Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ α β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [ , , ] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBR ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸ ͸ k ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+ /2q ,
U = Fdq , V = Fq ͱ͓͘ ͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ O(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× d− k)ߦྻɼC ͸ k × kରশߦྻ D
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δ ͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓ d ͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼ ×d
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻ ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
対称行列，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞Ε uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ ࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼ α ͕ ͳ ͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γ SR) Λ M R ఺
(Minimum Storage Re enerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) Λ BR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM- BR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͓͘ɽ ͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , ( 1)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ ͜ O(d−k ×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× ( k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ × dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ d ID৘ใ
ψi1 , i2 , . . . , ψid ,͸Ұ࣍ಠཱͱ Δɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻ ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , i2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i . . . , Vid,i) = 0
੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্ه ৚݅ (C1)͸ ೚ҙ kݸ ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱ ҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ F,G, f, g)ʹ͓͍ͯ α β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ τϨʔυ
Φϑ ͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খ ͳΔͱ͖ʹम෮
ଳҬ෯ γ ࠷খͱ͢Δ఺ (αMSR, γ SR) Λ MSR ఺
(Minimum Storage Regenerating point ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(α SR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − )
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
(2 − + 1) ,
2d log |S|
(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj ,
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼ (2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓ ͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱ Δɽ͢ͳΘͪɼd×d
ྻ
Ψd
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱ Δɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, 2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
行列と
した．よって，オリジナル情報行列
(C2) ೚ҙͷ d+ ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Ұํɼ৚݅ (C2) ނোϊʔυҎ֎ ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͠ ͍Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ k ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔ ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳ ͱ͖ هԱ༰ྔ αΛ࠷খͱ Δ఺
(αMBR γ BR ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿ MSR఺͸ɼ
(αMSR, γMSR) =
(
log | |
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํ MBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] BRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]
2.3 [n, k, d] P -MBRූ߸
RashmiΒ͸ [n, k, d] BRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹର͠ ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨ ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1 ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱ ͢Δɽ͜ ͰɼO(d−k)×(d−k) શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
i1 ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は
(C2) ೚ҙͷ d+ ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұ ʹఆ· ͜ͱΛҙຯ͠ ͍Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β ނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ· ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓ ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
Φϑͱͳ ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γ SR) Λ MSR ఺
(Mi imum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γ BR) ΛMBR఺ʢMinimum Ban width
Regenerating poi tʣͱݺͿɽ SR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ ͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(α BR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ ͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSR ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯ [4, 5, 6]ɽ
2.3 [n, k, d] P -MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ O(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ ΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใ ఆٛΑΓ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid , Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪ d×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻ ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 , ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
対称行列で，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹର ͯɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্ه ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙ ఆ· ͜ͱΛҙຯ͍ͯ͠ ɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͠ ͍Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓ ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨ͠ ྆
ऀΛಉ࣌ʹখ͘͞ ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ Λ࠷খͱ͢Δ (αMSR, γMSR) Λ MSR ఺
(Minimum S orage Regenerating p int)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔ ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣ MSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k) (8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MS ූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMB )
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ ΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBR ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ ݚڀ͕ɼ਺ଟ͘ ΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] P -MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] P -MBRූ߸Ͱ͸ k ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ , k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱ͠ ɽ·ͨ ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
j (ψj , ψj)
⊤ (10)
= (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ Fdq , (11)
ψ = (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ ͨͩ͠ ϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨ ه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻ D
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใ ఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
における独立な要素
の数は，
(C2) ೚ҙ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , d, ) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ g Αͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͠
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ ͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ ͷτϨ
Φϑ ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regeneratin point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳ ͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γM R) Λ BR఺ʢ i imum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] SRූ߸ͱݺͿɽҰํɼ ఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log | |
k(2d k 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ Product-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n ɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k) (d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× d− k)ߦྻɼC ͸ × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 i2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 j2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = ( 1, u2, . . . , un)
=
(
ψ⊤1 M, 2 , . . . , ψ
⊤
nM
)
. (16)
となる．したがっ
て，オリジナル情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃ ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . , un), uj ∈ U , (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
とオリジナル情報行
列
(C2) ೚ҙͷ d+ 1ݸ ϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯ هԱ༰ྔ α ͕࠷খͱͳ ͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) MSR ఺
(Minimum Storage Regenerating point) म෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, ] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMB )
=
(
2d log |S|
(2d− k + 1) ,
2 log |S|
k(2 − k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MS ූ߸ɼٴͼ [ , , ]
ͷߏ੒๏ʹؔ͢Δݚڀ͕ ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, ] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜Ͱ Fq ΛҐ਺ q ༗
ݶମͱͨ͠ɽ·ͨɼID ψj ∈ Fdq , 1 ≤ j ≤ n
ψj = (ψj , ψ )
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , 1)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔ ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕ ΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ ͕ͨͬͯɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ . ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は一対一対応する．
注意 1.　ID 情報の定義より，任意の d 個
の ID 情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ ɽ͢ͳΘͪ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ ҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distribute Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ (3)
Λੜ੒͢ 1 ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢ ࣍ʹ uj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ D ͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψj Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠ ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢ ɽ͢ Θͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹ ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = β Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
は一次独立とな
る．すなわち，
(C2) ೚ҙͷ d+ 1ݸ ϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞Ε uˆi ͸ ނো
͍ͯͳ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔Β
Ϧδφϧ৘ใ s Ұҙ ఆ·Δ͜ Λҙຯ͍ͯ͠ ɽ
Ұํɼ৚݅ C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒ ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ Λҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕ MSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γ BR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼ BR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ
ݶମͱ ͨɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬ ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬ ͢ ͏ʹ
ΊΔɽ·ͨ ه߸ ⊤͸సஔΛද͢ɽ࣍ ɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO( −k)×(d−k) શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k) ɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
行列
には逆行列が存在する．また，任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸ ϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ Ͱ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ ݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個
の
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯ ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
͢Δɽ
F (s) = (u1, u2, . . . , un)
=
( ⊤
1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αM R, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦ ߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
は一次独立となる．す
なわち，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸ ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MS ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿ MSR఺͸
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺ ୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ தͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕͯ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ [ , k, ] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix BR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍ͮ ҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸
֓ཁ આ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ ΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− + 1)/2 ɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψ
2
, . . . , ψjk , Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
= ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
行列
には逆行列が存在する． □
2.3.2　分散情報生成フェーズ
　分散情報生成フェーズにおいて，管理者
はオリジナル情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢ ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
からオリジナル情報行
列
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼ ͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒ ͔Βɼނোϊʔυͷ ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ Ͱ͖ͳ͍ ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ ࠷খ ͢Δ఺ (αMSR γMSR) Λ MSR ఺
(Minimum Storage Regenerating point) म෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, ] ࠶ੜ੒ූ
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒ Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] SRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, ] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔ ·ͨɼه߸ ⊤͸సஔΛද ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰ M ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ . ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψ =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を定め，各ノード
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
egenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d k + 1)
,
2d log |S|
k(2d− k + 1) (9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ Product-Matrix جͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢ ූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁ આ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · id
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3. ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
の分
散情報
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ ྆ऀ͸τϨʔυ
Φϑͱͳ ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔ ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼ BR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ߏ੒๏ʹؔ Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, , d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ Product- atrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix MBR ූ ) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ [n, k, d] PM-MBR ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid , Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq ࣍ Α͏ʹ
ܭࢉ͢Δɽ
F s) = (u1, u2, . . . , un)
=
( ⊤
1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を次のように計算する．
2.3.3　オリジナル情報復元フェーズ
　ここで，分散情報
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓ
kݸ ෼ࢄ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡ ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢ ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰ σʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢ ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
に対して，
とおく．式 (13) のオリジナル情報行列
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠
H(Uˆi|Vi1,i, Vi2,i, . . . , Vi ,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯɼ্ه 2ͭͷ৚݅ ຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯ هԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼM R఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] BRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ S = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔ ද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
の
定義より，
࿦จ
ؔ਺ อଘ ໨తͱ͠ ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒ ϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ ͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ Α͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํࣜ ࣮ݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ Λར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊ ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ ൿີ෼ࢄ๏Λར༻͢ ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ ʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ Θͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹର͠ ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ ͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に対して，
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ Α͏ͳ uˆiͰ͋ ɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ· ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํ ৚݅ (C2)͸ ϊʔυҎ֎ͷ೚ҙͷ ݸ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ· ͜ͱΛ ຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ Ε͍ͯ [2]ɽ͕ͨͬͯ͠ ྆
ऀΛಉ࣌ খ͘͢͞Δ͜ ͸Ͱ͖ͳ͍ ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔ ͖ʹम෮
ଳҬ෯ γ ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕ ͳ ͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ
(αMBR, MBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αM R, γMSR) =
(
log |S|
k
,
d lo |S|
k(d+ r − k
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [ , k, d] MS ූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] ූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] P - BRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸ ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤ (10)
ψj (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨ ه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d− )
]
(13)
ఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশ ɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯ ΦϦδφϧ৘ใ
ߦྻM d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ (2d− k + 1)/2 ͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ ɽ·ͨ ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊ ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , n
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ର
͠ ্ه 2ͭ ৚݅Λຬͨ͢Α͏ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ k ͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ υҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͞ ํ
͕๬·͠ ͕ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ ͨ ͬͯɼ྆
ऀΛಉ࣌ʹ ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼ ଳҬ
γ ͕ ͳ ͱ͖ʹهԱ༰ྔ α ࠷খͱ͢Δ఺
(αMBR, γMBR) Λ B ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
( + r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, ] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ ಛʹ [ , , ] MSRූ߸ɼٴͼ [ , k, d]
ͷߏ੒๏ʹؔ͢Δݚڀ͕ ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] BRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼP oduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix BR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM- BRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[ , d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, ʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U Fdq , V Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = ( j , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋ ɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ͸సஔΛද ࣍ ɼΦϦδ
φϧ৘ใ ΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
(d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ ( k)ߦྻ ͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM d d Ͱɼ ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2 − k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓ ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k
1
,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ Θͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ ଘࡏ ˘
2.3.2 ෼ࢄ ੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊ
υ ψj , 1 ≤ j ≤ n ෼ࢄ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢ ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
Λಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Ban width
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕ MSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MB
RashmiΒ͸ [n, k, ] MBRූ߸ Ұൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-M trixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ) ఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n k, d] P -MBR ʹ
ج͍͍ͮͯΔ ҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱ ٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ j1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱ ͳΔɽ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤M,ψ⊤2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψ , ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ α ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕ MBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸
[n, k, d] MBRූ߸ ݺͿ [n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2 3 [n, k, d] P -MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ఏҊ [4]ɽ
ຊݚڀͰఏҊ͢ ූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ
֓ཁ આ໌ Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ ࣍ʹ ΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × ରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u , u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔ ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) Λ BR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2 − k + 1) ,
2d log |S|
( d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, ] MBRූ߸ͱݺͿɽ[n, , d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , )
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊ ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣ ζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k 1 uj1,k+2 · · · uj ,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡ ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 j1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ ٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ ɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡ ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , i) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ· ߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱ Mψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜ ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕ ɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ Α͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ ͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1Α ɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1 ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻ ࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦ ͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨล ࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻ τϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜ ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ ͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
[7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
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が成り立つ．注意 1 より，行列
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
には逆
行列
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF( , ),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
が存在する．したがって，デー
タコレクター DC は，受信した
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散
情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢ ɽ
から，式 (20) の左辺を
取り出し，左から
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1 ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯ ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹ F(X ,Y) ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
म෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉ ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػ Λ ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλ ʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を乗じることで
行列
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を一意に計算することができる．こ
こで，
とおくと，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊ υ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετ ʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚ ނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
·ͣؔ਺ φ(·)Λ nݸ ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ ͍ར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠ ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີ ෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢ kݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹର͠ ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭ ͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥε ର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に対して，
が成り立つので，データコレクター DC は，
求めた行列
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum torage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
から
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ j ʹରͯ͠ɼ
= (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻ ͔Β Ψk Λܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C Ұҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽ن ʹૹ৴ ɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ ࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪ ϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใ k ूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্ ͷࣗ໌ͳํ๏Ͱ͸࣮ݱ ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
ߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を計算することで，
を取り出すことができる．よって，この行
列に左から
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ͸ٯߦྻ Ψ−1d ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡ ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
ψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ Φ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を乗じることで行列
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ k ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕk, ϕk+1j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ ϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
を一意に計算することができる．以上より，
データコレクター DC はオリジナル情報を
復元できる．
2.3.4　再生成フェーズ
　再生成フェーズでは，新規ノード
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊ υ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ Ұ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V| ͓͖ɼαΛهԱ༰ྔɼ
= dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛ ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
に
選択された
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδφϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ͢Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭͷ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬͨ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใͱ͢Δɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒͢Δ1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊ υ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͍ͯ͠Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
ͷ෼ࢄ৘ใuj1 , uj2 , . . . , u k͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ i ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ ఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯ ϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
個のノード
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
j = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ ɼkݸͷ෼ࢄ৘ใ uj1 , u 2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒Γཱͭͷ ɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մ ؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨ δํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετ ʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨ δํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰ ͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ ํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δ ࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
が，
それぞれ再生成情報
を計算し，新規ノードに送信する．このと
き，
が成り立つ．また，行列2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
= (uj,1, uj,2, . . . , j,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠
uj1,k+1 k+2 · · · uj1,d
uj2,k+1 k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨ͠ ɼσʔλίϨΫλʔ DC͸
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊ ߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜ ࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ Ͱؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰ ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x) ܭࢉͰ͖ ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্ه ࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱ म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
には逆行列
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = ( ,1, uj,2, . . . , uj d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · ·
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮ Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯ F(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ ೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλί Ϋλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰ ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ ର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜ ϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
が存在し，式 (23) の左辺の左から2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = Ψk (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢ ɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ
ͰߦྻDΛҰҙʹܭࢉ Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλ D ٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ s ؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମ Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ ؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘ ͜ͱʹͳΔ Ͱɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ ؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を乗じることで
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱ ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+ · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1 j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1 k
uj2,1 uj2, · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻ ͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (ui , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ 1d ͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋ ͜ͱ͔Βɼ
ψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊ υ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄ δํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ म෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF( ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢Δ ɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩ ؔ਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλί Ϋλʔ͕ؔ਺ φ(·)Λ
ಘ ʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢ ؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔ ػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ ΈΛ
༩͑ ඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦ ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλ ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷ ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
が一意に定まる．行
列
(C2) ೚ҙͷ d+ ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ ˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β ނোϊʔυͷ෼ࢄ৘ใ
Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τ ʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2] ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸
(αMSR γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+ )/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ ɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋ j ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸ ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
(d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯ ΦϦδ ϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰ M ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱ Δ ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳ ɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ ɽ
F (s) = (u1, u2, . . . , un
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
が対称行列であることから，
が成立する．すなわち，ノード
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜ ɼ
Ψk =
[
ψ ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹର ͯɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱ ɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ· ɽߦྻ ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄ τϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δ ؔ਺ φ · ʹର͢
Δम෮Մೳͳ෼ࢄετ ʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y) ΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕ ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ର ؔ਺஋ φ(x) ∈ Λ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ Ͱؔ਺ࣗମ͕෮ݩ
͖ ͷͰɼ ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔ Ͱɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔ ػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕ ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
の修復
ができる．
3　修復可能な関数用分散ストレー
ジ方式と関数用再生成符号
　本章では，修復可能な分散ストレージ
方式におけるオリジナル情報
੒͞ΕΔɽ͜ΕΒ nݸͷϊʔυͷू߹Λ
N = {ψ1, ψ2, . . . , ψn} (1)
ͱ͓͘ɽ·ͨɼ֤ϊʔυʹ෼ࢄͤͯ͞هԱ͢ΔΦϦδ
φϧ৘ใΛ sͰද͠ɼΦϦδ ϧ৘ใ sશମͷू߹Λ
Sͱ͓͘ɽͨͩ͠ɼS͸༗ݶू߹ͱ͢Δɽ͜ͷͱ͖ɼS
Λ S ্ͷ֬཰ม਺ͱ͠ɼs ∈ S ͸ S ্ͷҰ༷෼෍ pS
ʹैͬͯൃੜ Δ΋ͷͱ͢Δɽ͢ͳΘͪɼ
pS(s) =
1
|S| , ∀s ∈ S (2)
ͱͳΔɽम෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼҎԼͷΑ
͏ʹఆٛͰ͖Δɽ
ఆٛ 1. 4ͭ ༗ݶू߹ N , S, U , V, 4ͭͷؔ਺ F ,
G, f , g, ٴͼ n > d ≥ k Λຬ ͢ਖ਼੔਺ n, k, dΛ
ެ։৘ใ ɽ͜ͷͱ͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Β
ߏ੒͞ΕΔํࣜΛ [n, k, d] ෼ࢄετϨʔδํࣜ (DSS:
Distributed Storage Systems)ͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣ ζʼ
؅ཧऀ͸ɼؔ਺ F : S → UnΛ༻͍ͯΦϦδφϧ৘
ใ s ∈ S ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (3)
Λੜ੒ 1ɽ͢ͳΘͪɼΦϦδφϧ৘ใ s͔Β
F (s) = (u1, u2, . . . , un) (4)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻΦϦδφϧ৘ใ෮ݩϑΣʔζʼ
σʔλίϨΫλʔ DC͸ nݸͷϊʔυ͔Β k ݸͷ
ϊʔυ ψj1 , ψj2 , . . ., ψjk Λ೚ҙʹબ୒͠ɼ֤ϊʔυ
͕هԱ͠ ͍Δ෼ࢄ৘ใΛड৴͢Δɽkݸͷ෼ࢄ৘ใ
uj1 , uj2 , . . . , ujkΛड৴ͨ͠DC͸ɼؔ ਺G : Uk → S
Λ༻͍ͯΦϦδφϧ৘ใΛ෮ݩ͢Δɽ͢ͳΘͪɼkݸ
෼ࢄ৘ใuj1 , uj2 , . . . , ujk͔ΒG(uj1 , uj2 , . . . , ujk)
Λܭࢉ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ͨϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f(uij , ψi) = vij ,i, 1 ≤ j ≤ d (5)
1͜͜Ͱɼ೚ҙͷू߹ A ͱࣗવ਺ m ʹରͯ͠ɼAm Λू߹ A
ͷ m ݸͷ௚ੵू߹ͱ͢Δɽ
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (6)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] DSS ʹ͓͍ͯɼΦϦδφϧ৘ใ s ͕֬཰
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔζͰ
ੜ੒͞ΕΔ৘ใ͸શͯ S ্ͷҰ༷෼෍ͱؔ਺ F , G,
f , g ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼuj , uˆj , 1 ≤ j ≤ n
ʹର͢Δ֬཰ม਺ΛɼͦΕͧΕ Uj , Uˆj ͱ͠ɼಉ༷ʹ
vj,i, 1 ≤ i, j ≤ nʹର͢Δ֬཰ม਺Λ Vj,iͱ͢Δɽ·
ͨɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰ྔɼ
γ = dβ Λम෮ଳҬ෯ͱݺͿɽຊ࿦จΛ௨ͯ͡ɼର਺
ͷఈ͸ 2ͱ͢Δɽ
2.2 [n, k, d] ࠶ੜ੒ූ߸
ఆٛ 1ͷ [n, k, d] DSSΛ࣮ݱ͢Δූ߸ΫϥεͷҰ
ͭͱͯ͠ɼ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [2]ɽ͜ͷ࠶
ੜ੒ූ߸ͷΫϥεʹର͢Δཁ݅͸ɼΤϯτϩϐʔٴͼ
৚݅෇͖Τϯτϩϐʔ [11]Λ༻͍ͯఆٛͰ͖Δɽ͜͜
ͰɼΤϯτϩϐʔٴͼ৚݅෇͖Τϯτϩϐʔ͸࣍ͷΑ
͏ʹఆٛ͞ΕΔྔͰ͋Δɽ༗ݶू߹ X ͷ্ʹ஋Λͱ
Δ֬཰ม਺X ͷΤϯτϩϐʔH (X)͸ɼ
H (X) = −
∑
x∈X
pX(x) log pX(x)
ͱͯ͠ఆٛ͞ΕΔɽ·ͨɼ༗ݶू߹ Y ͷ্ʹ஋ΛͱΔ
֬཰ม਺Λ Y Ͱද͢ͱɼX ͕༩͑ΒΕͨͱ͖ͷ Y ͷ
৚݅෇͖ΤϯτϩϐʔH (Y |X)͸ɼ
H (Y |X)=−
∑
x∈X
∑
y∈Y
pX(x)pY |X(y|x)log pY |X(y|x)
ͱͯ͠ఆٛ͞ΕΔɽ͜͜ͰɼpY |X(y|x)͸ X = xͷ
΋ͱͰͷ Y = yͷ৚݅෇͖֬཰ͱͨ͠ɽ
ఆٛ 2. [n, k, d] DSS ʹ͓͍ͯɼҎԼͷ৚݅ (C1),
(C2)Λຬͨؔ͢਺ͷ૊ (F,G, f, g)Λ [n, k, d] ࠶ੜ੒
ූ߸ͱݺͿɽ
(C1) ೚ҙͷ k ݸͷϊʔυ ψj1 , ψj2 , . . . , ψjk ʹର͠
ͯɼ
H(S | Uj1 , Uj2 , . . . , Ujk) = 0 (7)
͕੒ཱ͢Δɽ
を関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , uj ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · j1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ ͕ͬͯɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
j
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡ ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞ ͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜ ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y) ͠ F(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·) ର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ ͨ͠म෮Մೳ
͕ߟ͑ΒΕΔɽ͜ͷํࣜͰ ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢Δͱ σʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏ ͸
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱ ͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢Δ Ίʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέ γϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨త ͠ म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨ δํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔ CʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
に拡張した方式を考える．関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, j,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
1 uj1,k+2 · · · j1,d
1 uj2,k+2 · · · uj2,d
...
. . .
...
1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭ ஫ҙ 1ΑΓ ߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β ′
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj , uj2 , . . . , ujk ʹର ͯɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊ ߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσ λίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vi ,i)
⊤ = ΨdMψi (23)
͕੒ ཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪ ϊ υ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳ ༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ म෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ Φ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ Λߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y) ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ φ(·)ʹର
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ Ͱؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ ·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘ ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ ର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑ ඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέ γϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ ετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦ ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹ ٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱ͠ म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸ ϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
全体の集合を
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , j,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk, +2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭ ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψ
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσ λίϨΫ ʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢ ͜ͱ͕ ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσ λίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσ λίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : → Y ʹ֦ுͨ͠ํࣜΛߟ
͑ ؔ਺ φશମͷू߹Λ F(X ,Y) ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ ετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜ ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢ ؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσ λίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰ ࣗମ͕෮ݩͰ
͖Δͷ ɼ෮ݩ ͨؔ਺ φ(·)ͱೖྗ x͔Β ਺஋
( )͕ܭࢉͰ͖ ɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσ λίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞ ೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ ·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔ ػೳΛ෼ࢄ͢ΔͨΊ ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕ ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ ΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σ λίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ ͨؔ਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼ λίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = { 1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬ ൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
とし，
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 j2,k+2 · · · uj2,d
...
...
. . .
...
uj ,k+1 j ,k+2 · · · ujk,d
 = kD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼ kʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20) ࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻD Ұҙʹܭࢉ Δ ͱ͕ ͜Ͱ
=
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , 2 , . . . , ujk ʹରͯ͠
uj ,1 uj1,2 · · · uj1,k
uj2,1 uj ,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · uj ,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j ,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j ,2 · · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′j ,k
 = ΨkC (21)
ΛऔΓग़͢ ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦ ͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
h
ψi = vih,i, 1 h ≤ d ( 2)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼ ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·Δɽ M ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢ ɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳ ༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδ ʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ு͠ ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ ετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯ F(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨ δํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀ σʔλίϨΫλ ͱ͢Δͱ σʔλίϨΫ
λʔ͕ ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ ͔͠ɼ্هͷࣗ໌ͳ ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ φ(·)Λ
ಘ ͜ͱ ͳΔͷ ɼͦ ଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ ΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέ γϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔ ෼ࢄ৘ใΛͦͷ ·ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9] Ϟσϧ ྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y อଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ Ұ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1, +2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Β ࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
͓͘ͱɼkݸ ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹର ͯɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢ ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕ Ҏ্ΑΓɼσ λίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23) ล ࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜ ߟ
͑Δɽؔ਺ φશମ ू߹Λ F(X ,Y)ͱ͠ F(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋ ͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔ ํ͕ࣜߟ͑ΒΕΔɽ͜ ํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔ ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰ ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩ ؔ਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔ Ͱ ͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔ ίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
は全て有限集合であるとする．関数
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ τϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯ ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ k ݸҎ্ଘࡏ͍ͯ͠Ε͹
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] M Sූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใ ࠶ੜ੒ Δ͜ͱ͕ߟ͑ΒΕΔ͕ ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰త ͸ͳ͍ɽ͜ ໰୊ʹରͯ͠ k Λຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔ ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔ ݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີ ෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴ ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ ͔Β φ(x)ʹ ͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ ͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚ ݤ഑ૹηϯ ʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔ ػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใ ޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ ɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷ Ϩʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
ɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊ ɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
に対する修復可能な分散ストレージ
方式の自明な構成法として，
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ uj1 , uj2 , . . , ujk ରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = kD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙ ܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1 j
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ

j1,1 j1,2 · · · j1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k

 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊ ߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ ͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
੒Γཱͭɽ· ɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ· ɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨ δํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹ F(X ,Y)ͱ F(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ ετϨʔδํࣜͷࣗ໌ ߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ ετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜ ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨ ͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰ ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉ ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ ࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧ ྨࣅ͍ͯ͠Δɽ
3.1 ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
をオ
リジナル情報の集合とした修復可能な分
散ストレージ方式が考えられる．この方
式では関数への入力
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใ M ͷఆٛΑΓ
ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+ ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k −1Λ৐͡Δ͜ͱ
ߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜ Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱ kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ରͯ͠
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
D͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσ λίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣ ζ
Ͱ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 l d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊ υ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻ ετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜ ͓͚ΔΦ
Ϧδφϧ sΛؔ਺φ : X → Y ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋ ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯ F(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ Y ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢Δ ɼσʔλίϨΫ
λ ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλ ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔ Ͱɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠· ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗ ͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳ ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ ্هͷΑ͏ͳΞϓϦέʔγϣϯ
ߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨ ఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9] Ϟσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢ ؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
に対する関数値
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj, , . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใ M ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+ ujk,k+2 · · · ujk,d
 = ΨkD ( 8)
͕੒Γཱͭɽ஫ҙ ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰ i
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষ म෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ Φ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ ( , )ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜ ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢ ؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσ λίϨΫ ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞ ೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋Δ Ͱɼ͜ͷΑ͏ ΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέ γϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦ ··ૹ ͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ ͨؔ਺஋
ݩ৘ใΛ υ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9] Ϟσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ อଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞Ε ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を知りたい利用者をデータコレク
ターとすると，データコレクターが分散情
報を
࿦จ
ͷอଘΛ໨త ͨނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ Ұߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜ ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸ ϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊ υͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋Δɽ ͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ ਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒ ϊ υ ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମత ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ ΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠ ූ߸Խ͠ɼ ූ߸ޠ ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใ ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔Β ϧ৘ใΛ෮ݩՄೳͳ ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖
·ͨɼ৴པੑ ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊ υ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓Γ ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個集めることで関数自体が復元でき
るので，復元した関数
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނো υम෮Մೳͳ ࢄετϨ δํࣜʹ Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
͸͡Ί
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ ΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ ΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻ ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ ෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อ Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞ ූ߸ Α͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmu Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝Μ ߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ ނো͍ͯ͠ͳ͍೚ҙͷ kݸ ϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ Λ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒ Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳ ͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10] ͓͚ ൿີ৘ใ ؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใ ූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x) ஌Γ͍ͨར༻ऀ ೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ( ) ର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δ ར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ ൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚ ݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊ υ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ ʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετ ʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
と入力値
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ ετϨ δํࣜʹ͓͚Δ
म෮ଳҬ෯ ࠷খͱ͢ ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊ υʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ ํࣜ ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ ϊʔυ ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳ ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
͖ΔͨΊ৴པੑ͕֬อͰ͖ ɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ ௕ kɼූ߸௕
nͱͨ͠ [n, ] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ ͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱ ɼ೚ҙͷ kݸͷ෼
ࢄ ͔ΒΦϦδφϧ৘ใΛ෮ݩ
δํ͕࣮ࣜݱͰ͖ ɽ
·ͨ ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ ݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨ δํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙ kݸͷϊʔυ ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱ
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ ٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใ ͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใ ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ ʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊ υ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ ͔Β φ(x) ର͢Δؔ਺஋෮ݩ৘ใ ੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ ൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹ ʹ͓͚Δݤ഑ૹηϯλʔͷػೳ ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢ ނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ ɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
ετϨʔδํࣜͱ࠶ੜ੒ූ߸ ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ ͷ۩ମ ߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
か
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . ...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC ΦϦδ
φϧ৘ใ ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣ ζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷ ͖ɼ
(vi1,i, vi2,i, . . . , vid i)
⊤ = Ψd ψi (23)
͕੒ ཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽ (·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑Β ɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢ ؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x) ܭࢉͰ͖Δ ͔͠͠ɼ্ه ࣗ໌ͳ ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମ ৘ใ͕ӮΕ ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্ه Α͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨ δํࣜͷϞσϧΛ
৽ ʹఏҊ͢Δɽ۩ମతʹ ɼؔ਺஋ φ( )Λ஌Γͨ
σʔλίϨΫλʔʹ ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨ ఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີ ෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δ
3.1 ؔ਺ͷอଘ ໨తͱͨ͠म෮Մೳ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕ ͜͜Ͱ
Ψk =
[
ψ
j1 j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk, ujk,2 · · · jk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · ·
2 k
...
...
. . .
...
u′jk,1 u
′
j ,2 · · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱ ߦྻ C ΛҰҙʹܭࢉ͢ ͜ͱ
͕Ͱ͖ΔɽҎ্Α ɼσʔλίϨΫ ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔ ʹૹ৴͢Δɽ͜ ͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδ ͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳ ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜ ࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢Δͱɼσʔ ίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺
(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞ ೖྗ x′ʹର͢ ஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚ ݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕ ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ Α͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱ ࿦จͰ ɼ্هͷΑ͏ ΞϓϦέ γϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ ʹఆٛ ɽ͜ͷϞσϧ͸ ີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠ ɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y) ଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετ ʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ ؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใ M ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱߦྻ ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . ...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
... .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC 21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸ ϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1 i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡ ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ Θͪɼϊʔυ ψi ͷम෮ Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢ ؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨ δํ͕ࣜߟ͑ΒΕ ɽ͜ͷํࣜͰ͸
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλ ͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩ͠ ؔ਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏ ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉ ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹη
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέ γϣϯ
Λߟྀͨ͠म෮Մೳ ετϨʔδํࣜͷϞσϧΛ
৽ ʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔ Ͱ͸
ͳ͘ ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨ͠ ஋
෮ݩ৘ใΛ ʔ ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢ ɽ͜ Ϟσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞ ϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F X ,Y)ʹଐ͢ ؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
σʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷ ͢Δɽຊ࿦จ ɼؔ਺ อଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ Ҏ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜ ຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ· ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y อଘΛ໨తͱ
ͨ͠म෮Մೳͳ ετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
j1,k 1 j1,k 2 · · · j1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙ ܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
j1,1 j1,2 · · · j1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = Ψk +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
′
j1,1
′
j1,2
· · · ′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ Ͱߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ ͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y) ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ ೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ ͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Β
)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔ Ͱɼͦͷଞͷೖྗ x′ ର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δ ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍ ʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹجͮ ͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y อଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−
͕ଘࡏ͢Δɽ͕ͨ͠ ίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨล औΓग़ (Ψ′k)−1Λ৐͡Δ ͱ
ͰߦྻDΛҰҙʹ ͢ Ͱ͖Δɽ͜ Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , j2 , . . . , jk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β Ψ D ܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 ΨkC (21)
ΛऔΓग़ ͜ͱ͕Ͱ͖ ɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ Ͱߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓ σʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζ ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊ υ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ· ɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ Ψ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi म෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑ ɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ ετϨʔδํࣜͷࣗ໌ ߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷ Ͱ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ (x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλί Ϋλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ Ͱؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰ ෮ݩ ؔ਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্ه ࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମ ৘ ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ Α͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱ ͖ͳ͍ɽ
͜Ͱຊ࿦จ ͸ɼ্ه Α͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧ
৽ͨʹఏҊ͢Δɽ۩ମత ͸ɼؔ਺஋ φ(x) ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦ ··ૹΔͷͰ͸
͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ ͍ͯΔɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ ɼnݸͷϊ υ
ͱσʔλίϨΫ ʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ ͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
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࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
が計算できる．しかし，上
記の自明な方法では関数値
࿦จ
ؔ਺ͷอଘ ໨త ͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏ ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹
ͦΕΒͷϊʔυ ෼ࢄ৘ใ͔ΒΦϦδφϧ ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱ ͨ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খ ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
を知りた
いデータコレクターが関数
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Dista ce Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใ ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨ ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
を得るこ
とになるので，その他の入力
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର ؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
に対する関
数値
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , 2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk, +1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔ ίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , 2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , 2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = kC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔ ίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔ ίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψi M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔ ίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔ ίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔ Ͱɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋Δ Ͱɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏ ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜ ຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔ ίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔ ίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔ ίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, 2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
も計算できてしまう．鍵配送方
式における鍵配送センターの機能を分散す
るためには，各鍵配送センターに関数自体
の情報が洩れないように関数値のみを与え
る必要があるので，このようなアプリケー
ションは上記の自明な方法では実現できな
い．
　そこで本論文では，上記のようなアプリ
ケーションを考慮した修復可能な分散スト
レージ方式のモデルを新たに提案する．具
体的には，関数値
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
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Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚ ൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
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Λࣔ͢ɽ
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2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
を知りたいデータ
コレクターに分散情報をそのまま送るので
はなく，分散情報と入力値
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x) ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
΁ૹ৴ ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର ؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ ൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
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ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
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ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
に基づいて生
成した関数値復元情報をノードが計算し，
データコレクターへ送るモデルを新たに定
義する．このモデルは，秘密関数分散法 [7, 
8, 9] のモデルに類似している．
3.1　関数の保存を目的とした修復可能な
分散ストレージ方式
　
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ ࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡ ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 Մೳͳؔ਺ ෼ࢄετϨʔδํࣜͱ
ؔ਺༻ ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x) ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚ ݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
に属する関数
2.3.3 ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢ ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
औΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ· ߦྻM ͕ শߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ ɽ ͳΘͪɼϊʔυ ψi म෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑ શମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜ ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱ ؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨ͠ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ ํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱ ͳΔͷͰɼͦͷଞ ೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ ݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢ ɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
の保存
を目的とした修復可能な分散ストレージ方
式では，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯ ࠷খ ͢ ࠶ੜ ߸ͷҰ ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อ ͖ ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ k ූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードとデータコレクター
DC によって構成される．また，各ノード
の ID 情報全体の集合を
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′ )−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ ɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷ ߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ ͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ ͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ ্هͷࣗ໌ ํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ ͕ӮΕͳ͍Α͏ʹ ஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
ߟྀͨ͠म෮Մೳͳ ετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλ ʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ Δ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠ ɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ ɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ ετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ ετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ F( ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ ͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্ه Α͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σ λίϨΫλʔʹ෼ࢄ৘ใΛͦ ··ૹΔͷͰ͸
ͳ͘ɼ ͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨ ఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼn ϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ Ұ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
とし，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ ͜ ɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23) ࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ· ߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨ δํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘ ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9] Ϟσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
は
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣ ζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓ
kݸͷ෼ࢄ৘ใ uj1 uj2 . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β Ψk Λܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) =
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳ ͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ ͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔ Ͱ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧ ྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢ ؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ ɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
上の一様分布
に従って発生するものとする．本論文では，
関数の保存を目的とした修復可能な分散ス
トレージ方式を，次のように定義する．
定義 3.　7 つの有限集合
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ ड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫ ʔDC͸nݸͷ
ϊʔυͷத͔Β kݸ ϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ ؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷ ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱ ೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ k ຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ ɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u , . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷ ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔ ί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖Τϯτϩϐʔ ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞Ε ํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W ؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, t2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, t2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ Λ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t, t2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1 = H(Ytc) (31)
͕੒ཱ͢Δɽ
つの関数
3. 7 F(X ,Y), N , U , V, , X ,
Y, 5 F , f1, G, f2, g, n > d ≥ k
3 n, k, d
3 [n, k, d]
F(X ,Y)-DSS
F : F(X ,Y) Un
φ ∈ F(X ,Y) n
( 1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
φ
F (φ) = ( 1, u2, . . . , un) (26)
uj
ψj ψj uj
1 ≤ t ≤ |X | ʔ DC n
k ψt1 , ψt2 , . . . , ψtk
t xt ∈
X xt t
Δ xt ̸= xt′ , t ̸= t′
t−1 1, x2, . . . , xt−1
k ψtj , 1≤
j≤k f1 : U ×X ༻͍ͯ yt =
φ(xt) wtj ,t = f1(utj , xt)
DC k
wt1,t, wt2,t, . . . , wtk,t
DC G : k Y
xt G(wt1,t, wt2,t, . . . , wtk,t)
ui ∈ U ψi
ψi
d
ψi1 , ψi2 , . . . , ψid
f2 : U×N
V vij ,i, 1 ≤ j ≤ d
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
d
g : Vd U
uˆi ∈ U
g(vi1,i, . . . , vid,i) = uˆi (28)
ψi ui = uˆi
[n, k, d] F(X ,Y)-DSS φ
xt, 1 ≤ t ≤ |X |
F(X ,Y) φ, F , f1, G, f2, g
1 ≤ i, j n, 1 ≤ t ≤ |X |
uj , wj,t, vi,j , yt
Uj , j,t, Vi,j , Yt [n, k, d] DSS
α = log |U|, β = log |V| α
γ = dβ
2. |X | = 1 [n, k, d] F(X ,Y)-DSS
DC x1
φ(x1) φ(x1)
uj = wj,1,
1 ≤ j ≤ n [n, k, d] DSS
3.2 [n, k, d, c] F(X ,Y)-
[n, k, d] F(X ,Y)-DSS
[n, k, d]
4. [n, k, d] F(X ,Y)-DSS
(P1)-(P3) (F, f1, G, f2, g)
[n, k, d, c] F(X ,Y)-
(P1) t xt k
ψt1 , ψt2 , . . . , ψtk
H(Yt | t1,t, t2,t, . . . , tk,t) = 0,
1 ≤ t ≤ |X | (29)
(P2) d + 1 ψi, ψi1 , ψi2 , . . . , ψid
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
(P3) 1 ≤ t1 t2 < · · · < tc ≤ |X |
c yt1 , yt2 , . . . , ytc
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
及 び
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒ ɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴ Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸ ϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ ʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢ ɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใ ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλί ΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V ༻͍ͯɼ࠶ੜ੒৘ใ vij i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を 満 た す 3 つ の 正 整 数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ͢Δɽ͜ ͱ
͖ɼ࣍ͷ 3ͭͷϑΣ ζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φ ର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷ ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσ λίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσ λίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を公開情報とする．このとき，次
の 3 つのフェーズから構成される方式を
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → U Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋ ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର ؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢ ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ ͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
ܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠ ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳ ɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ ͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ uj
Λ ΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δ ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
͸ɼނো ͍ͯͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
ܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
と呼ぶ．
＜分散情報生成フェーズ＞
　管理者は，関数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭ ϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊ υͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ʹҟͳΔ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(w 1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U Λ ͍ͯͨ͠ނোϊʔυ ψiΛम
෮ ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙ બ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t, t2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を用
いて関数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, 2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, 2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔ ίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸ xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, 2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔ ίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2, , . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ i, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対する
࿦จ
ؔ਺ͷอଘ ໨తͱͨ͠ނোϊʔυम෮Մೳ ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ هԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใ ޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘ ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨ ఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散
情報
を生成する．すなわち，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ ͕ͬͯɼσʔλίϨΫλ DC
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ ࠨ͔Β (Ψ′k)−1 ৐͡Δ͜ͱ
ͰߦྻD Ұҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
औΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσ λίϨΫλʔDC͸ΦϦδ
φϧ৘ใ ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ ͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹ ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . d,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ ( , )ͱ͠ɼF(X ,Y),
X , Y ͸ ͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
म෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσ λίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊ ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰ ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦ ଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
ʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใ ͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛ ͕ܭࢉ͠ɼσ λίϨΫλʔ΁ૹΔ
Ϟσϧ ৽ͨ ఆٛ ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬ ߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
から
を計算する．次に，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ 3ͭͷਖ਼੔ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), j ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(x )ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2, , . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯ͠ ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸ Ա͍ͯ͠Δ෼ࢄ৘ใͱ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1 i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ F(X ,Y)্ͷҰ༷෼෍ͱ , F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈ ಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を安全な通信路を
用いてノード
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢ ɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
j ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣ ζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸ Ա͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ ɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ ɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1) ΈΛಘ ํࣜͱͳ ɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ Λ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t, t2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に送信する．ノード
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X | ର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽ Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒ Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ ɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) ຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | t1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
は，
受信した分散情報
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ ఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹ uj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X | ର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނো ψiΛम
෮ ͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͠ ͍ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V ɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒ ɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸ ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X Y)- SSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹ α = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯ φ(x1) ର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ [n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖Τϯτϩϐʔ ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
をそれぞれ記憶する．
＜関数値復元フェーズ＞
　
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δ ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj 1≤
j≤k͸ɼؔ਺ f1 : U ×X → Λ༻͍ͯؔ਺ y =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U Λ ͨނোϊʔυ ψ Λम
෮͢ΔͨΊʹ ৽نϊʔυ ψi Λઃஔ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒ ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi ͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X Y)-DS Ͱ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対し，データコレクター
DC は
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ ͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬ ɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ ਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬ ΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠ ූ߸Խ ͦͷූ߸ޠ ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ k ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυ म෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খ ͢ ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳ ͱ͖ʹهԱ༰ྔΛ
࠷খͱ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ ֤ϊʔυ͸ xͱࣗ਎͕هԱ͠ ͍Δ
෼ࢄ ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードの中から
࿦จ
ͷอଘΛ໨తͱͨ͠ނোϊ υम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠ ֤γϯϘϧ
Λ֤ ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑ ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊ υͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝Μ ߦΘΕ͍ͯ
ɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυ ෼ࢄ৘ใ
͔ΒΦϦδφϧ Λ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼ ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ ݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱ ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹ ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར ऀ΁ૹ৴ ར༻ऀ͸ kݸͷ ஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
อଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノー
ド 
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨ ࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ σʔλίϨΫλʔDC͸nݸ
ϊ υͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯ yt =
φ(xt)ʹର͢ ؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯ͠ ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽ن
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸ Ա͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSS ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3 2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n k d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を任意に選択し，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13) ΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 uj ,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊ υ ૹ৴͢Δɽ͜ ͱ͖ɼ
(vi1,i, vi ,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳ ਺༻෼ࢄετϨʔδํࣜͱ
਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜ ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ு ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽ φ(·)ʹର͢
Δम෮Մೳ ෼ࢄετϨ δํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫ ʔͱ͢ΔͱɼσʔλίϨΫ
ʔ͕෼ࢄ৘ใΛ kݸूΊ ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′
φ(x′)΋ܭࢉͰ͖ ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ ΈΛ
༩͑Δඞཁ͕͋Δ Ͱɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ ͨؔ਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠ ɽ
3.1 ؔ਺ͷอଘ ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
に対する時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ ఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ ͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u , u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣ ζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸͷ
ϊʔυ த͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φ ର͢ ࣌ࠁ t ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
ͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσ λί ʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒ ɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱͯ͠ ͨނো ʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)- SSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y) ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσ λίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱ ͨํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3 2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
における入力値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭ ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n k, dΛެ։৘ใͱ͢Δɽ͜ ͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
ܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk ೚ҙ
ʹબ୒͠ɼؔ਺ φ ର͢ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ ͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤ ͸ ؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ tj ,t = f1(utj , xt)Λ
ੜ੒ ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢ ؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ ͨނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্ه [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜ ͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸Ϋϥε ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4 [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1 G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ i, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ ೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
੒ཱ ɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3 ਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1 u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ Θͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X | ର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
Δ ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ ݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯ ஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ ɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt ,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͠ ͍ͨނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ ͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใ ஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔ ৚݅෇͖ΤϯτϩϐʔΛ༻ ఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹର ͯɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を各ノードへ送信する．ただし，入力
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹ ٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷ
ɼ࣍ͷ 3ͭͷ ͔Βߏ੒͞ ΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ ≤ n (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
Λͦ ͧΕهԱ͢Δɽ
ʻؔ਺ ෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ σ λίϨΫλ DC͸nݸͷ
ϊʔυͷத͔Β kݸͷ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φ ର ࣌ࠁ tʹ͓͚Δೖྗ஋ t ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽ ͩ ɼ xt͸ t͝
ʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk, ड৴ͨ͠σ λί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނোͯ͠ ͳ͍ϊʔυ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙ ɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ ͍ͯΔ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦ ͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞Ε ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱ͠ ํࣜ ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ ʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)- P3) Λຬͨؔ͢਺ ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt | t1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
は時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢ ɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ ؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
ੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શ ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢ ɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊ υͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δ xt ∈
X ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ ͢ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
ͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒ ɼσʔλίϨΫ ʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ ͨσʔλί
ϨΫλʔ DC ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1 t, wt2,t, . . . , wtk,t)
ੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮ ɼ৽نϊʔυ i Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, j dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳ ͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͠ ͍ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ , F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ ɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱ ΔɽΑͬͯɼφ(x1) ର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ [n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥε
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖Τϯτϩϐ Λ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSS ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ごとに異なるものとする．すなわ
ち，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ ఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X Y), N , U , V W X ,
Y, 5ͭ ؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3 ͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢ ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
ܭࢉ͢Δɽ࣍ ɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢ ɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′ ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใ ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλ DCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ ؔ਺ G :Wk → Y ༻͍ͯೖྗ஋
xt ʹର͢ ؔ਺஋ͱͯ͠ɼ (wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹ i Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Ε
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸ ʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ˘
্هͷ [n, k, d] F(X ,Y)- SSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ର͢Δ֬཰ม ΛͦΕͧ
Ε Uj , Wj,t, Vi,j Yt ͢Δɽ· [n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V| ͓͖ αΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢ ؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ uj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭త [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จ ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸Ϋϥε ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓ ɼҎԼͷ৚
݅ (P1)-(P3) ຬͨ͢ ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ ɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
であるとし，時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ਺ F , f1, G, 2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪ ؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 t |X |ʹର σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ y =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊ ɼ υ ψi Λઃஔ͢Δɽ৽نϊʔ
͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : ×N →
V Λ༻͍ͯɼ࠶ੜ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸ ৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜ ͳΔɽΑͬͯɼφ(x1)ʹର
͢ ؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ ͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
ݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
までの入力値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y) ର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢ ɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
ܭࢉ͢ ɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։ ͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσ λίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔ ί
Ϋ ʔ DC ؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
ੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊ υ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V ༻͍ͯɼ࠶ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(v
1,i, . . . , vi ,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ ɼα log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2 |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯ φ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ uj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳ ʹͳ ˘
3.2 [ , , , c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢ ɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖Τϯτϩϐʔ ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼ ৚
݅ (P )-(P3) ຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹର͠
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を公開情報
とする．入力値を受信した
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯ ࠷খͱ͢Δ࠶ੜ੒ූ߸ Ұߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ Λ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊ υ ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖Δ Ί৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜ ͓͚Δނ
োϊʔυͷम෮ ؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
ɽम෮Մೳͳ෼ࢄετϨ δํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ Λ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খ ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใ ؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ k
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔ ػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ ൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘ ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノード 
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛ ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, d ެ։৘ใͱ Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞Ε ํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢ ɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴ ϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλ DCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
Ϋλ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
t ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ ͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊ υͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒ ɽ࣍ ɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͠ ͍Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ ͜Ͱ 1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσ λίϨ ʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1) ΈΛಘ ํࣜͱͳΔɽΑͬͯ φ(x1)ʹର
ؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k d] DSSͱ
౳Ձͳํࣜ ͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ
ຊ࿦จͰ͸ɼ[n, , d] F(X , )-DSS Λ࣮ݱ͢Δූ
߸Ϋϥε ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର ཁ݅͸ɼ[n, , d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐ ͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F f1, G, f2 g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ ํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻ ؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ ≤ n (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ૹ৴ ϊʔυ ψj ͸ ड৴ ͨ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢ ɽͨͩ͠ɼೖྗ xt͸ t͝
ͱʹҟͳΔ΋ͷͱ͢Δ ͢ Θͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , x −1Λެ
։৘ใͱ ೖྗ஋Λड ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W ؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒ σʔλίϨΫλ DCʹૹ৴ kݸͷؔ਺
஋෮ݩ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ ͍ͯ ؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ ΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSS
ಉ༷ ɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜ ͳΔɽ ˘
3.2 [n, k d, c] F(X ,Y)-࠶ੜ੒ූ
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର͢Δ ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖Τϯτϩϐ Λ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
は，関数
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を用
いて関数値
ͨम෮Մೳͳ෼ࢄετϨ δํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ k ຬ
͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼ φ͔Β
F (φ) = (u1, 2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔ ίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , t2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt ࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= t′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t− ·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δ ஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔ ίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ wt1,t, wt2,t . . . , wtk,tΛड৴ͨ͠σʔ ί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނো ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , i2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্ه [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζ ੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2,
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj, , Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ α هԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯ φ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձ ํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS ࣮ݱ͢Δූ
߸Ϋϥε ৽ͨ ఆٛ͢Δɽ·ͨɼ͜ͷ Ϋϥεʹ
ର͢ ཁ݅ [n, , d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ ͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , t2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ ɽ
(P2) ͷ d + 1 ݸͷϊʔυ ψi, ψi1 , i2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H( tc | Yt1 , t2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ > ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ ɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ ੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ ؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪ ؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴ ɽϊ υ ψj ͸ ड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ ≤ |X | ର͠ σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ xt ∈
X ֤ ʔυ΁ૹ৴͢Δɽ ͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
Δ ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2 . . , xt−1Λެ
։৘ใ ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯ ஋ yt =
φ(xt)ʹର ؔ਺஋෮ݩ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ σʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷ
஋ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σ λί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͠ ͨނোϊʔυ ψi म
෮ Ί ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒ ɽ࣍ʹɼબ୒͞ ͨ
֤ϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ ɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) i (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔ ίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢ ؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔ Αͬ ɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձ ํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨ ఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ [n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψ k ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対する関数値復元
情報
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7 ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λ ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢ ɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ ͨ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ t ∈
X Λ֤ϊʔυ΁ૹ৴ ͨͩ͠ɼೖྗ xt ࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊ υψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔ ί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ ϊʔυͷத͔Β d ݸͷϊ υ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U ੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼ ͕
֬཰తʹൃੜ͢ ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ Ұ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε U , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ ݺͿ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1) ΈΛಘΔ ͱ Αͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱ ͨํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜ ͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จ ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨ ఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, , d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
≤ t ≤ |X | (29)
͕੒ཱ͢ ɽ
(P2) ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を生成し，データコ
レクター DC に送信する．
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚
म෮ଳҬ෯ ࠷খ ͢ ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊ υʹ෼ࢄͤͯ͞อ؅͠ ඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ ํࣜͰ͋ΔɽΑͬ ɼނো౳ʹ
Αͬ Ұ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖ ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δ
·ͨɼ৴པੑ ؍఺͔Βނো Λम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
ɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ ٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε ͍Δ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ υ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚ ݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ ͔͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠ ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の関数値復
元情報
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢ ɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ ؔ਺
φ F(X Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , u ), uj ∈ , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
ܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊ υ ψj ड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ஋෮ݩϑΣ ζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋ ड ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର ؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDC ૹ৴͢ kݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͠ ͍ͨނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނোͯ͠ ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij , 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢ ɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , d,i) = uˆi (28)
Λܭࢉ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊ ֤ϑΣ
ζͰੜ੒͞ΕΔ৘ใ ೖྗ஋ x , 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢ ɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [ , , ] ( , )- SSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜʹ Δɽ ˘
3.2 [n k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ [n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ ͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸ ϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を受信したデー
タコレクター DC は，関数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ , k, dΛެ։৘ใ ͢Δɽ͜ͷͱ
͖ ࣍ͷ 3ͭͷϑΣʔ ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
, -DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
( 1, u2, . . . , u ), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸͷ
ϊʔυ த͔Β kݸͷϊʔυ ψt1 , ψ 2 , . . . ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱ ೖྗ஋ x1 x2, . . . , x −1Λެ
։৘ใͱ͢Δɽೖྗ஋ ड ͨ͠ kݸͷϊʔυψtj , ≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , x )Λ
ੜ ͠ɼσ λίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σ λί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ ೖྗ஋
xt ʹର ؔ਺஋ͱ ɼG(wt1,t, wt2,t, . . . , wtk,t)
ੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣ ζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͠ ͍ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
i1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ ͱؔ਺ f2 : U×N →
V ༻͍ͯɼ࠶ੜ੒৘ใ v
j ,i 1 ≤ j ≤ dΛͦΕͧ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . vid,i) = uˆi (28)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSS ͓͍ͯ ؔ਺ φ͕
֬཰తʹൃੜ͢Δ ͱΛԾఆ ͍ͯΔͨΊ ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨ [n, k, d] DSSͱ
ಉ༷ʹɼα log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσ λίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭త [n, k, d] DSSͱ
౳Ձͳํࣜʹͳ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର ཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + 1 ݸͷϊʔυ ψi, i1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | t1 , Yt2 , . . . , tc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を用いて入力値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y) nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
ੜ੒ ɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2 . . . , un) (26)
Λܭࢉ ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺ ϑΣ ζʼ
1 ≤ t ≤ |X | ର͠ σ λίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk ೚ҙ
ʹબ୒͠ɼ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
ͱ͠ ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸ ϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X W ؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢ ɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠Δ Ίɼ֤ϑΣ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ , 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ ɽ·ͨ [n, k, d] DSSͱ
ಉ༷ʹ α = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ Λ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ ຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS ࣮ݱ ූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ ූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔ ৚݅෇͖Τϯτϩϐʔ ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ ૊ (F f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ x ͱ kݸ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対する関数値として，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y) N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։ ͱ͢Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . un), uj ∈ U , 1 ≤ j ≤ n (25)
ੜ੒͢Δɽ͢ͳΘͪɼؔ਺ ͔
F (φ) = (u1, u2, . . . , n) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴ ϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X ֤ϊʔυ΁ૹ৴ ͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2 . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋ ड ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢ ؔ਺஋෮ݩ৘ใ w j ,t = f1(utj , xt)Λ
ੜ੒͠ɼσ λίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, t2,t, . . . , wtk,tΛड৴ͨ͠σ λί
ϨΫλʔ DC͸ ਺ G :Wk Y ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺ ͱ͠ ɼG(wt1,t, t2,t, . . . , wtk,t)
Λ ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
͢Δ Ίʹɼ نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ ɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ ɽ͜ΕΒ dݸͷ࠶ੜ੒ ͸ ʹ
ૹ৴͞Εɼ υ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ɽ͜͜Ͱ 1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ ɼα = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯ φ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ ͱͨ͠ํ ͸ ຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢ ɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢ ཁ݅͸ [n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢ ɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ k ຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ ؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ
(u1, u2, . . . , un), uj ∈ U 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ ؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱ ҟͳΔ΋ ͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′ ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸ ϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ σʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σ λί
ϨΫλʔ DC G :Wk Y ͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG( t1,t 2,t, . . wtk,t)
Λੜ੒ Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ ͍ͨނোϊʔυ ψiΛम
෮ ͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Εͨ
֤ϊʔυ͸هԱͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ d ࠶ੜ੒ ͸৽ن ʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ Δ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘ ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi, , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ ݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର ؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ ຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, , ] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, , ]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢
cݸ ؔ਺஋ yt1 , yt2 , . . . ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
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ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
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ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
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ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2, , . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を記憶していた故障
ノード
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を修復するために，新規ノー
ド
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣ ζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φ ମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔ ํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦ φϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を設置する．新規ノードは，故障
していないノードの中から
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノード
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱ G(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞ ɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid, ) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ y y ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を任意に選択する．次に，
選択された各ノードは記憶している分散情
報と関数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊ υ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ ؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔ ͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
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ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
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ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
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ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥ ʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ͢ ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
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F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
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ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
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͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձ ํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
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ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , t2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ͷ d + 1 ݸͷϊʔυ ψi, ψi1 , i2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
をそれぞれ生成する．
すなわち，
を計算する．これら
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ ͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର ؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
Ϋ ܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จ ߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の再生成情報は新
規ノードに送信され，新規ノードは関数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴ kݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର ؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰త ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔ γ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸ ϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を用いて分散情報ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্ه [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰త ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を生
成する．すなわち，
を計算する．新規ノード
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨ δํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
はこの分散情
報を
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, , d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
として記憶する． □
　 上 記 の
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸ ϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σ λί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯ
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, d ެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G : k → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ Λम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊ υͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に お い
て，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1, +1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡ ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱ ͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্ه ࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F( ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊ υ
ͱσʔλίϨΫλ DCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
が確率的に発生することを
仮定しているため，各フェーズで生成
さ れ る 情 報 は， 入 力 値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪ ؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ ೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ ؔ਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を 除い て
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ ͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔ ࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y) ର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
ੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔ ίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷ ψt1 , t2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸ xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔ ίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , i2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ Ұ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ· ɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔ ί Ϋλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใ ஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձ ํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , t2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ i, ψi1 , i2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , t2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , t2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
上 の一 様分 布 と関 数
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸ ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯ ؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର ֬཰ม਺ ͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ͢ ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に依存して定まる．こ
こ で，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φ ର͢ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢ ɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζ ੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ t, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ म෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸Ϋϥε ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に お い て
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F f1, G f2, g, ٴͼ > ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ ɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , n) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1 t, t2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, t2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
[n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ Ұ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ y 1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対する確率変数をそれぞ
れ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
ɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։ ͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [ , k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊ υ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔ ίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , t2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ t ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1· ͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔ ίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , i2 , . . . , ψid Λ೚ҙʹબ୒ ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [ , k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔ ίϨΫλʔ DC͕ೖྗ஋ x1 ର͢ ؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձ ํࣜʹ Δɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , t2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , i2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
とする．また，
ͨम෮Մೳͳ෼ࢄετϨʔ ํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭ ༗ݶू߹ F(X ,Y), N , U , V, W X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ͢Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u , u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1 u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো ͍ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X | আ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ ɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
DSS と同様に，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ ʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, t2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, t2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾ ͍ͯΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1 ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ Λ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[ , , ] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ ɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ͢ ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t, t2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
と
おき，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ Α͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ ͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un) uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔ ί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊ υ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢ ɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢ ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰
ྔɼγ = dβ म෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใ ஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ n ͨํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, , d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y -DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F f1, G, f2, g)
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を記憶容量，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y) N U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un , uj ∈ U , 1 ≤ ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪ ؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢ ϊʔυ ψj ͸ɼड৴ ͨ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t 1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ ͨ kݸͷϊʔυψ
j
, 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸ ؔ਺
஋෮ݩ৘ใ wt1,t, t2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, t2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f2(u , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λ ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X , )-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ Λ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬ ؔ͢਺ͷ૊ (F f1, G f2 g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t 2, , . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , t2 , . . . , Ytc−1 = H(Ytc) (31)
͕੒ཱ͢Δɽ
を修復帯域
幅と呼ぶ．
注 意 2.　
ͨम෮Մೳ ෼ࢄετϨʔδํࣜΛɼ࣍ Α͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [ , , ]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ ੜ੒ϑΣʔζʼ
؅ཧऀ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽ ͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , ≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDC ૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒ Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର ؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯ ϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
の 場 合 の
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ͢Δ ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
ੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊ ͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt− Λެ
։৘ใͱ Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒ ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞Ε ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґ ͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ [n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ k ຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒ Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ ɽ࣍ʹ uj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ σʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒ Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζ ੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 i, j n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1 ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt | t1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
で は， デ ー タ コ レ ク タ ー
DC が入力値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨ ࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸ ϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽ن
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽ن ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSS ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢ ɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ αΛهԱ༰
ྔɼγ = dβ म෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳ ɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ ·ͨ ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,W k,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < 2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対する関数値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ Θͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W ؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮ ͨΊʹɼ υ ψi Λઃஔ͢Δɽ৽نϊʔ
͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
ݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
のみ
を得る方式となる．よって，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜ ɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭ ਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜ [n, k, d]
F(X ,Y)-DSSͱݺͿ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ ϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β ݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴ ͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= t′ , t ̸= t′Ͱ͋
Δ ɼ࣌ࠁ t− ·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽ن
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψ
1
, ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊ υ͸ؔ਺ : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠ Ա͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢ ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘ͠ ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ म෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ ූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSS ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹର ͯɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対す
る関数値復元情報を分散情報に置き換え，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢ ͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽk ͷؔ਺
஋෮ݩ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj, , Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔ Αͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ n ͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ ූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g)
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3 t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸ ஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δ ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹ ৽نϊʔυ ψi Λઃஔ͢ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj, , Vi,j Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, , d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] ( , )-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, , d, c] F(X ,Y)-࠶ੜ੒ූ߸ ݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (3 )
͕੒ཱ͢Δɽ
とした方式は，本質
的に
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭ ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ ߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊ υ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
બ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t wt2,t, . . . , wtk tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δ ஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : ×N →
V ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ Λ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g)
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ ɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
DSS と等価な方式になる． □
3.2　[n, k, d, c] F(
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ j1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ ࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = Ψk (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊ υ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
ܭࢉ͠ ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭ ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ ͔Β
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳ ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑ ؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹ ͋ ͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕ ɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦ ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
)- 再生成符号
　本論文では，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํ [n, k, d]
F(X ,Y)-DSS ݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F( ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ Θͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔ ψj ͸ɼड৴͠ ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ ɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։ ͱ͢ ɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻ ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f (utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ ؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো ͍ͯͳ͍ϊʔυͷத͔Β ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ ৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ ͸ɼೖྗ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔ γ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | 1 ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔ ࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt) ର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰త ൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P )-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を実
現する符号クラスを新たに定義する．また，
この符号クラスに対する要件は，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ Α͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴ ɽϊʔυ ψj ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯ ஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ σʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
ܭࢉ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δ ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳ ʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ ؔ਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再生成符号と同様にエントロピーと条件付
きエントロピーを用いて定義する．
定 義 4. 
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ Α͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ ੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ | |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φ ࣌ࠁ tʹ͓͚Δ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։ ͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk tΛड ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y ༻͍ͯೖྗ஋
t ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹ ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊ υͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞Ε ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1 G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
म෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ > ≥ kΛຬ
ͨ͢ 3ͭ ਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ ࣍ͷ 3ͭͷϑΣ ζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
Λͦ ͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
υͷத͔Β k ϊʔυ ψt1 , ψ ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ σʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ ؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に お い て，
以 下 の 条 件 (P1)-(P3) を 満 た す 関 数 の 組
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣ ζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ | |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴ ͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , x −1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼ G :Wk → Y Λ༻͍ͯ ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ i ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸ ϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ ɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸ ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘ ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Y ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x )ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨ ఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖Τϯτϩϐ Λ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯ ҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹର ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ ؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X Y)ʹର͢Δ nݸ ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ ͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢ ɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ w j ,t = f1(utj , xt)
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, ≤ j ≤ d (27)
Λܭࢉ ɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼ ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ ͜͜Ͱ 1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x )ͷΈΛಘΔ ͱ Αͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k d c] ( , )-࠶ੜ੒ූ߸
Ͱ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ ಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ ɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再生成
符号と呼ぶ．
(P1) 任意の時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭ ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭ ਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y) ର͢Δ nݸͷ෼ࢄ৘ใ
(u1 u2, . . . , un), uj ∈ U 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹ uj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊ υͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟ Δ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢ ɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ σʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δ ஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ɽ৽نϊʔ
υ͸ɼ ͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ ɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ ˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔ γ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜ ͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢ ɽ·ͨɼ͜ͷූ߸Ϋϥε
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSS ͓͍ ɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ
における入力値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ 3ͭͷϑΣ ζ͔Βߏ੒͞ΕΔํࣜ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2 . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢ ɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔ C͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର ஋෮ݩ৘ใ wtj t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴ kݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ ͨσʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽ن
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U ༻ ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ͠ هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSS ɼؔ φ͕
֬཰తʹൃੜ͢Δ͜ͱ Ծఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X | আ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓ ɼαΛهԱ༰
ྔ γ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2 |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔ ίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใ ஔ͖׵͑ɼuj = wj,1
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F( ,Y)-࠶ੜ ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
と
࿦จ
ؔ਺ อଘ ໨తͱ͠ ނোϊ υम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ Ұߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊ υͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠ ූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใ ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨ པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Β ؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個
のノード
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։ ͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ ͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ ͨ෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣ ζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φ ର͢ ࣌ࠁ tʹ͓͚Δೖྗ xt ∈
Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱ ೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ ؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1 utj , x )Λ
ੜ੒ ɼ ʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ ؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊ υ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ uˆi ∈ U ੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ ͜Ͱɼ1 ≤ i, j ≤ n 1 ≤ t ≤ |X |
͓͍ uj , wj,t, vi,j , yt ʹର Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔ ͱͳΔɽ ͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓ ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ ؔ਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | 29)
͕੒ཱ͢Δɽ
(P2) ೚ҙ d + 1 ݸͷϊʔυ i, ψi1 , ψi2 , . . . , ψid
ରͯ͠ɼ
(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対して，
が成立する．
(P2) 任意の
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ Α͏ʹఆٛ
ɽ
ఆٛ 3. 7ͭͷ༗ݶू F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, d ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭ ϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , ≤ ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શ ௨৴࿏Λ༻͍ ϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴͠ ෼ࢄ৘ใ j
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹ ͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β ݸͷ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼ φ ର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊ υ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷ ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC ؔ਺ G :Wk → Y Λ༻͍ ೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹ ৽نϊ υ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ Ε
ੜ੒͢Δɽ ͳΘͪɼ
f2(uij , ψi) = vij ,i, ≤ j ≤ (27)
Λܭࢉ͢ ɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊ υ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
ܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ F(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ ͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈ ಘΔํࣜͱͳ Αͬͯɼφ(x1)ʹର
ؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥε
ର͢Δཁ݅͸ [n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X , )-DSSʹ͓͍ͯɼҎԼͷ৚
݅ ( 1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψ
1
, ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt | t1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕ ཱ͢Δɽ
) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙ
cݸͷؔ਺஋ yt , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , tc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
個のノード
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ ఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F( ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣ ζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . , un) (26)
Λܭࢉ͢Δɽ࣍ ɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊ υ
ψj ʹૹ৴͢Δɽ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸n
ϊʔυ த͔Β kݸͷϊʔυ ψt1 , ψt2 , . . , ψtk Λ೚ҙ
બ୒͠ɼؔ਺ ʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽ ͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . , xt−1Λެ
։৘ใ ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1
j≤k͸ɼؔ਺ f1 : U ×X → W ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱͯ͠ ͨނোϊʔυ ψi म
෮͢ ʹɼ৽نϊ υ ψi ઃஔ͢Δɽ৽نϊʔ
υ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊ
ψi1 , ψi2 , . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ v
j ,i, 1 ≤ j ≤ d ͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪ
f2(uij , ψi) = v j ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ d ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸ ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X Y)-DSS ͓͍ ؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ ΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ ͜Ͱɼ1 ≤ i, j ≤ n, t | |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ uj = wj,1,
1 j nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ ʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢ ɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2 ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · < tc ≤ |X | ຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1 t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
ui ∈ U ΛهԱ͍ͯ͠ ނোϊʔυ ψiΛम
෮͢ΔͨΊ ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͠ ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ ͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U ੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k d] F(X ,Y)-DS ʹ͓ ɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ Ұ༷෼෍ͱؔ਺ φ, F , f1 G, f2, g
ʹґଘ͠ ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹ α = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰
ྔɼγ dβ ෮ଳҬ෯ ݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹ
ؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 j ≤ nͱͨ͠ํࣜ ຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] (X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ ϥεΛ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSS ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨ ؔ਺ͷ૊ (F, f1, G, f2, g)
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ ݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(U | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸ ؔ਺஋ yt , yt2 . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対して，
が成立する．
(P3)
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹ ٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣ ζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
(φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷ υ ψt1 , ψt2 . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ ɽೖྗ஋Λड৴ͨ͠ ݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W ༻͍ͯؔ਺஋ yt =
φ(xt) ର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσ λίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ ؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ ͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi ઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪ
f2(uij , ψi) = vij ,i, 1 ≤ j d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ F(X ,Y)্ͷҰ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log | |, β = log |V| ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ ݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨ λʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ( 1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯ φ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSS
౳Ձͳํࣜʹͳ ˘
3.2 [n k, d, c] F X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] -DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ ( 1)-(P3) Λຬͨؔ͢਺ͷ૊ F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψ 1 , ψi2 , . . . , ψid
ର ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕ ཱ͢ ɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X | ೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Y
c
| Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
を満たす
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸ ϊ υ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚ ೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ ͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1
j≤k ؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(x )ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , w k,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψi म
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυ த͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ ͍ͯΔ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)- SSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ C͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜʹͳ ɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t |X | (29)
͕੒ཱ͢Δɽ
(P2 ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
੒ཱ Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ Α͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSS ݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢ ͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤ ͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt) ؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒ ɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊ υ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X | আ
͍ͯF(X ,Y)্ Ұ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ ͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ σʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1) Έ ಘΔํࣜͱ ɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ Τϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨ ͯ υ
ψj ʹૹ৴͢ ψj ͸ɼड uj
ΛͦΕͧΕه
ʻؔ਺஋෮ݩ
1 ≤ t ≤ |X | λίϨ DC n ͷ
ϊʔυͷத͔Β kݸͷϊʔ ψt1 , ψt2 , . . . , ψ k Λ೚ҙ
બ୒ ؔ਺ φʹର Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt ࣌ࠁ t͝
ͱʹҟͳ ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷ ʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt) ର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt ,t, . . . , wtk,t)
Λ ͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮ ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނোͯ͠ ͳ͍ϊʔυͷத͔Β d ݸ ϊʔυ
ψi1 , ψi2 , . . . , ψid ೚ҙʹબ୒͢ ɽ࣍ʹ બ୒͞Εͨ
֤ϊʔυ͸هԱͯ͠ Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦ ͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
( ij , ψi) = vij ,i 1 ≤ j ≤ d (27)
Λܭ dݸ ৽نϊʔυʹ
ૹ৴ ʔυ͸ d U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ ͳΘͪɼ
(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม ΛͦΕͧ
Ε Uj , Wj,t Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼα هԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
ؔ਺஋෮ݩ৘ใ ෼ࢄ৘ใʹஔ͖׵͑ɼuj = w ,1,
1 ≤ j n ͨํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-D S Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ ɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2, , . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , 2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7 ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔ n, k, d ެ։৘ใͱ ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔ ͔Βߏ੒͞ΕΔํࣜ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
ੜ੒ ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢ ɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢ ɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσ λ λʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊ υ ψt1 , ψt2 , . . . , ψtk Λ
ʹબ୒͠ɼؔ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ ೖྗ xt͸࣌ࠁ t
ͱʹҟͳΔ΋ͷͱ Δɽ ͳΘͪɼxt ̸= xt′ , t ̸= t′
Δͱ͠ ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ ɽೖྗ஋Λड৴ͨ͠ kݸͷϊ υψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W ༻͍ ؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ w j ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹ Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛ
෮͢ ʹɼ৽نϊʔυ ψi Λઃஔ͢ ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸ ϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸ه ͠ ͍Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒ ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊ υʹ
ૹ৴͞Ε ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱ هԱ͢ ɽ ˘
্هͷ [n k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢ ͜ͱΛԾఆ͍ͯ͠ ͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j Y ͱ Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ ͱ͠ ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
εΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ [n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSS ͓͍ ҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψi
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹର ͯɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
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任意の
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
個の関数値
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ ͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
に対し
て，
が成立する．
　ここで，関数
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
によって計算される
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . , ϕ
k−1
j )
⊤ ∈ Fdq , ( 1)
ψ
j
= (ϕkj , ϕ
k+1
j , . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . , ψ
⊤
nM
)
. (16)
は，
故障していない
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ ೚ҙ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খ ͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (α S , γMSR) Λ MSR ఺
(Minimum Storage Rege erati g point)ɼम෮ଳҬ
෯ γ ͕࠷খ ͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Rege erati g pointʣͱݺͿɽMSR఺͸ɼ
(α S , γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product- atrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱ͠ ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱ Δɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
j1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
1 , ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
個のノードが持つ分
散情報と
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙͷ dݸͷϊʔ
υ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2]ɽ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− k + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛʹ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] PM-MBRූ߸ʹ
ج͍͍ͮͯΔɽҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ɼS = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid , Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ k ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ΛఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
に対して，上記 3 つの条件を満
たすような
(C2) ೚ҙͷ d+ 1ݸͷϊʔυ ψi, ψi1 , ψi2 , . . ., ψid
ʹରͯ͠ɼ
H(Uˆi|Vi1,i, Vi2,i, . . . , Vid,i) = 0
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 2ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆiͰ͋Δɽ ˘
্هͷ৚݅ (C1)͸ɼ೚ҙͷ kݸͷ෼ࢄ৘ใ͔ΒΦ
Ϧδφϧ৘ใ s ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
Ұํɼ৚݅ (C2)͸ނোϊʔυҎ֎ͷ೚ҙ dݸͷϊʔ
υ͕ੜ੒͢ ࠶ੜ੒৘ใ͔Βɼނোϊʔυͷ෼ࢄ৘ใ
͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠Δɽ
࠶ੜ੒ූ߸ (F,G, f, g)ʹ͓͍ͯ αͱ β͸খ͍͞ํ
͕๬·͍͕͠ɼk ≤ d < nͷ৔߹ʹ྆ऀ͸τϨʔυ
ΦϑͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [2] ͕ͨͬͯ͠ɼ྆
ऀΛಉ࣌ʹখ͘͢͞Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷτϨʔυ
Φϑʹ͓͍ͯɼهԱ༰ྔ α ͕࠷খͱͳΔͱ͖ʹम෮
ଳҬ෯ γ Λ࠷খͱ͢Δ఺ (αMSR, γMSR) Λ MSR ఺
(Minimum Storage Regenerating point)ɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
(αMBR, γMBR) ΛMBR఺ʢMinimum Bandwidth
Regenerating pointʣͱݺͿɽMSR఺͸ɼ
(αMSR, γMSR) =
(
log |S|
k
,
d log |S|
k(d+ r − k)
)
(8)
Ͱ༩͑ΒΕɼMSR఺Λୡ੒͢Δ [n, k, d] ࠶ੜ੒ූ߸
Λ [n, k, d] MSRූ߸ͱݺͿɽҰํɼMBR఺͸ɼ
(αMBR, γMBR)
=
(
2d log |S|
k(2d− k + 1) ,
2d log |S|
k(2d− + 1)
)
(9)
Ͱ༩͑ΒΕɼMBR఺Λୡ੒͢Δ [n, k, d]࠶ੜ੒ූ߸Λ
[n, k, d] MBRූ߸ͱݺͿɽ[n, k, d]࠶ੜ੒ූ߸ͷதͰ
΋ɼಛ [n, k, d] MSRූ߸ɼٴͼ [n, k, d] MBRූ߸
ͷߏ੒๏ʹؔ͢Δݚڀ͕ɼ਺ଟ͘ߦΘΕ͍ͯΔ [4, 5, 6]ɽ
2.3 [n, k, d] PM-MBRූ߸
RashmiΒ͸ [n, k, d] MBRූ߸ͷҰൠతͳߏ੒๏ͱ
ͯ͠ɼProduct-Matrixʹجͮ͘ [n, k, d] PM-MBR
ූ߸ (Product-Matrix MBR ූ߸) ΛఏҊͨ͠ [4]ɽ
ຊݚڀͰఏҊ͢Δූ߸͸ɼ[n, k, d] P -MBRූ߸ʹ
ج͍͍ͮͯ ҎԼͰ͸ɼ[n, k, d] PM-MBRූ߸ͷ
֓ཁΛઆ໌͢Δɽ
2.3.1 ४උ
[n, k, d] PM-MBRූ߸Ͱ͸ɼk ≤ d < nΛຬͨ͢
೚ҙͷਖ਼੔਺ n, k, dʹରͯ͠ S = Fk(2d−k+1)/2q ,
U = Fdq , V = Fq ͱ͓͘ɽ͜͜ͰɼFq ΛҐ਺ q ͷ༗
ݶମͱͨ͠ɽ·ͨɼID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ nΛɼ
ψj = (ψj , ψj)
⊤, (10)
ψj = (1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j )
⊤ ∈ Fdq , (11)
ψ
j
= (ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j )
⊤ ∈ Fd−kq (12)
ͱ Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ·ͨɼه߸ ⊤͸సஔΛද͢ɽ࣍ʹɼΦϦδ
φϧ৘ใʹΑͬͯఆΊΒΕΔΦϦδφϧ৘ใߦྻΛ
M =
[
C D
D⊤ O(d−k)×(d−k)
]
(13)
ͱఆٛ͢Δɽ͜͜ͰɼO(d−k)×(d−k)͸શͯͷཁૉ͕ 0
ͷ (d− k)× (d− k)ߦྻɼC ͸ k × kରশߦྻɼD
͸ k × (d− k)ߦྻͱͨ͠ɽΑͬͯɼΦϦδφϧ৘ใ
ߦྻM ͸ d× dରশߦྻͰɼM ʹ͓͚Δಠཱͳཁૉ
ͷ਺͸ɼk(2d− k + 1)/2ͱͳΔɽ͕ͨͬͯ͠ɼΦϦ
δφϧ৘ใ sͱΦϦδφϧ৘ใߦྻM ͸ҰରҰରԠ
͢Δɽ
஫ҙ 1. ID৘ใͷఆٛΑΓɼ೚ҙͷ dݸͷ ID৘ใ
ψi1 , ψi2 , . . . , ψid ,͸Ұ࣍ಠཱͱͳΔɽ͢ͳΘͪɼd×d
ߦྻ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(14)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ·ͨɼ೚ҙͷ ݸͷ ψj1 ,
ψj2 , . . . , ψjk ,͸Ұ࣍ಠཱͱͳΔɽ͢ ͳΘͪɼk×kߦྻ
Ψk =
[
ψj1 ψj2 · · · ψjk
]⊤
(15)
ʹ͸ٯߦྻ͕ଘࡏ͢Δɽ ˘
2.3.2 ෼ࢄ৘ใੜ੒ϑΣʔζ
෼ࢄ৘ใੜ੒ϑΣʔζʹ͓͍ͯɼ؅ཧऀ͸ΦϦδφ
ϧ৘ใ s͔ΒΦϦδφϧ৘ใߦྻM ఆΊɼ֤ϊʔ
υ ψj , 1 ≤ j ≤ nͷ෼ࢄ৘ใ uj ∈ Fdq Λ࣍ͷΑ͏ʹ
ܭࢉ͢Δɽ
F (s) = (u1, u2, . . . , un)
=
(
ψ⊤1 M,ψ
⊤
2 M, . . . , ψ
⊤
nM
)
. (16)
である． □
　上記の条件 (P1) は任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰ ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードが
生成する関数値復元情報から時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭ ؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ ͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ ʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱ ೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ ৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨ ఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
੒ཱ͢Δɽ
におけ
る関数値
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
が一意に定まり，条件 (P2) 
は故障ノード以外の任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ ͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ Γ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
ো ͷम෮ ؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
ʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔ ํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ ετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードが
生成する再生成情報から新規ノードの分散
情報が一意に定まることを意味している．
また，条件 (P3) は
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্ه ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔ ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ ( ) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ c ຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭ 1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
個の入力と関数値
の組
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো
͍ͯ ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙ k ݸͷϊʔυ͕ੜ੒͢
ؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙ c′ ݸͷؔ਺஋
y
1
, yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) 32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Β yc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ ੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯ ؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1 2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1 2, . . . , Y|X |)
=
|X |∑
t=1
H( t | Y1 2, . . . , Yt−1)
=
c∑
t=1
H( t | Y1 2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1 2, . . . , Yt′−1)
≥
c∑
t=1
H( t | Y1 2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸ ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1 2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1 2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1 2, . . . , Y|X |)
= H(Y1 2, . . . , Y|X |)
−H(Y1 2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1 2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
と
新たな入力値
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙ k ݸͷϊʔυ ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Β yc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠
H(Ytc′ | Yt , Yt2 , . . . , Ytc′ 1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ Θͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ ੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খ ͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦ ͱ͖ͷ
αͷ࠷খ஋Λ α BRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋ ͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ શͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γ ͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ ɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φ શͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1 (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ ɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39) ӈลͷ֤߲ʹର
から，
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸ ೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙ c′ ݸͷؔ਺஋
yt1 , yt2 , . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt , Yt2 , . , Ytc′ 1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMB ͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| ( 3)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . , Y|X |)
=
|X |
t=1
H(Yt | Y1, Y2, . , Yt−1)
=
c
t=1
H(Yt | Y1, Y2, . , Yt−1)
+
|X |
t′=c+1
H(Yt′ | Y1, Y2, . , Yt′−1)
≥
c
t=1
H(Yt | Y1, Y2, . , Yt−1)
=
c
t=1
H(Yt)
= c log |Y| (36)
Γཱͭ 1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [ 1, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[ 1, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ ౳߸͸ࣜ ( 3)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . , Y|X | | Uj1 , Uj2 , . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . , Y|X |)
= H(Y1, Y2, . , Y|X |)
−H(Y1, Y2, . , Y|X | | Uj1 , Uj2 , . , Ujk)
= H(Uj1 , Uj2 , . , Ujk)
−H(Uj1 , Uj2 , . , Ujk | Y1, Y2, . , Y|X |)
≤ H(Uj1 , Uj2 , . , Ujk)
=
k
i=1
H(Uji | Uj1 , Uj2 , . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [ 1,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [ 1, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [ 1,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k
i=1
H(Uji | Uj1 , Uj2 , . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
に関する
情報が全く得られないことを意味している．
注意 3.　 条 件 (P3) を 満 た し て い れ ば，
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯ म෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽ BRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H Y , Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙ k ݸͷϊʔυ͕ੜ੒͢
ؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙ ఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Y
c′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (3 )
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)- ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খ ͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খ ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
を満た
す任意の
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔ ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H( t | Y1, 2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸Τϯτϩϐʔ νΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔ ඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
個の関数値
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
ؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . x c−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′− ) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸ ೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খ ͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭ 1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
に対
して，
が 成 り 立 つ． す な わ ち， 条 件 (P3) は
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ ੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c
t 1
(Yt | Y1, Y2, . . . , Yt )
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸Τϯτϩϐ ͷνΣΠϯ
ଇ [11, ఆཧ 2.5. ]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұ ʹఆ
·Δɼ͢ͳΘͪ
Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
個 の 入 力 と 関 数 値 の 組
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্ه ৚݅ (P1) ೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ ͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕ ͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔ ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
Λ BRF఺ (Minim m Bandwidth Regenerating
point for Function) ͱݺͼɼ(α RF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱ ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, 2, . . . t−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1] 3൪໨ ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, 2, . . . , Y|X |)
= H(Y1, Y2 . . . Y|X |)
−H(Y1, Y2 . . . |X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H( j1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj , Uj2 , . . . , Uji−1) (38)
੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷ ʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1 ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ Λҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ ͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ 1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , tc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠ ɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ α ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerati g
point for Function) ͱݺͼ (αMBRF, γ BRF)Ͱද
͢ɽ͜͜Ͱɼ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
ͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ Ҏ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ ɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δ ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H( t | Y , Y2, . . . , Yt−1)
=
c∑
t=
(Yt −1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1
≥
c∑
t=1
H(Yt | Y , Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [ 1, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | j1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Β ग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1 Y2, . . . , Y|X |)
−H(Y1 Y2, . . . , Y|X | | j1 , Uj2 , . . . , Ujk)
= H( j1 , Uj2 , . . . , U k)
−H( j1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H( j1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | j1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | j1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
と新たな入力
値
͜͜Ͱɼ gʹΑͬͯܭࢉ͞Ε uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋ ɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ ( t1 , yt1), (xt2 , yt2), . . . , (xt −1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ ৘ใ͕શ͘ಘΒΕ
͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < c′ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸ ؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H( tc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ ( t1 , yt1), (xt2 , yt2), . . . (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔ ɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ Λҙຯ͍ͯ͠ ɽ ˘
3.3 [n, k, d, c] F(X ,Y)- ੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খ ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ Ҏ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d c F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X | ର͢Δ֬཰෼
͕Ұ༷෼෍ ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸Τϯτϩϐʔ νΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔ ඇෛੑ
[11 ิ୊ 2 1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33) ԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, 2, . . . , Y|X | | Uj1 , Uj2 , . . . , jk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H( ji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H( ji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
から，
ؔ਺ g uˆi
n 1 uˆi
3 uˆi Δ
(P1) k
t φ(xt)
͕ (P2)
d
(P3) c 1
(xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1)
xc yc φ(xc) ͢Δ
. (P3) 1 t1 t2
· · · tc′ ≤ |X |, c′ c c′
yt1 , yt2 , . . . , ytc′
(Ytc′ | Y 1 , Yt2 , . . . , Ytc′−1) (Ytc′ ) (32)
(P3) c′ 1
(xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
xc′ Β yc′ φ(xc′)
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
[n, k, d, c] F(X ,Y)-
γ α
B F ( i i u Bandwidth egenerating
point for Function) (αMBRF, γMBRF)
γ γ BRF
α αMBRF B F
1. [n, k, d, c] F(X ,Y)-
yt ∈ Y, t 1, 2, . . . , |X |ʹ
pYt(yt)
1
|Y| (33)
αMBRF
2cd log |Y|
k(2d k 1)
, (34)
γMBRF
2cd log |Y|
k(2d k 1)
(35)
φ y1, y2, . . . , y|X |
(Y1, Y2, . . . , Y|X |)
|X |
t=1
(Yt | Y1, Y2, . . . , Yt−1)
c
t=1
(Yt | Y1, Y2, . . . , Yt−1)
|X |
t′=c+1
Yt′ | Y1, Y2, . . . , Yt′−1)
c
t=1
(Yt | Y1, Y2, . . . , Yt−1)
c
t=1
(Yt)
c log |Y| (36)
1
[11, 2.5.1]
[11, 2.1.1] 3 (P3) 3
4 (33)ͷ
k φ
(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) 0 (37)
y1, y2, . . . , y|X | k
uj1 , uj2 , . . . , ujk
(Y1, Y2, . . . , Y|X |)
(Y1, Y2, . . . , Y|X |)
(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
(Uj1 , Uj2 , . . . , Ujk)
(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
(Uj1 , Uj2 , . . . , Ujk)
k
i=1
(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
2 [11,
2.4.1] [11,
2.1.1] 3 [1 ,
2.5.1] (36) (38)
c log |Y|
k
i=1
(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
α (39)
に関する情報が全
く得られないことを意味している． □
3.3　[ , k, d, c] F(
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj 2, . . . uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2 k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ ߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭ ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (2 )ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi म෮͕Ͱ͖Δɽ
3 म෮Մೳͳ ༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦ ଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍ ͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ ࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
)- 再生成符号の性質
　
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣ ζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸ ϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui =
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾ ͍ͯ͠Δ Ίɼ֤ϑΣ
ζͰੜ੒͞Ε ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͢Δɽ·ͨ [n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, , d] F(X ,Y)-DSS
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, ] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇ Τϯτϩϐʔ ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [ , k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ ݺͿɽ
(P1) ೚ҙ ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , t2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再 生 成 符 号 に お
いて，修復帯域幅が最小となるときに
記 憶 容 量 を 最 小 と す る 点 を MBRF 点
（Minimum Bandwidth egeneratingpoint 
for Function）と呼び，
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱ γ ͷ࠷খ஋ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋ αMBRFͱ͠ ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢ ɽ͜ͷͱ͖
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
で
表す．ここで，
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼy = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙ c′ ݸͷؔ਺஋
yt1 , t2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), ( t2 , yt2), . . . (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ ( inimum Bandwidth Regenerating
poi t f r Function) ͱݺͼɼ(α , γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖
αͷ࠷খ஋Λ αMBRFͱ͠ ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷ ෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖
αMBRF ≥ 2cd log |Y|
(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹ
ͯ͠ɼ
H(Y1 2, . . . , Y|X |)
=
|X |∑
t=1
H( t | Y1 2, . . . , Yt−1)
=
c∑
t=1
H( t | Y1 2, . . . , Yt−1)
+
|X |∑
t′=c+1
H( t′ | Y1 2, . . . , Yt′−1)
≥
c∑
t=1
H( t | Y1 2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1 2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1 2, . . . , Y|X |)
= H(Y1 2, . . . , Y|X |)
−H(Y1 2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1 2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ 6 ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
の最小値を
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum andwidth Regenerating
poin for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯ શ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , j2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , j2 , . . . , Ujk)
= H(Uj1 , j2 , . . . , Ujk)
−H(Uj1 , j2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , j2 , . . . , Ujk)
=
k
i=1
H(Uji | Uj1 , j2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k
i=1
H(Uji | Uj1 , j2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
とし，
そのときの
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯ શ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log | |
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2. .1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
の最小値を
͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ ৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ c ຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹର͠ ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
.3 [n k d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n k d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔ ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth R g nerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ ͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n k d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ ͳΘͪɼ
pYt(yt) =
1
Y| (33)
͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
とした．
MBRF 点に対して，以下の性質が導出で
きる．
定理 1.　
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ ೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Λ༻͍ͯೖྗ஋
xt ʹର͢Δ ஋ͱͯ͠ɼG(w 1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ ɽ৽نϊʔ
υ ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ vij ,i, ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜʹͳ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再 生 成 符 号
において，全ての関数値
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 y y ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ ( inimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γ F ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, , d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͷؔ਺஋ yt ∈ Y , t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + ) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
(Y1, 2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1 Y2, . . . Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= (Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= ( j1 , j2 , . . . , jk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(
1
, Uj2 . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ ͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ k ϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (x
1
, yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y -࠶ੜ੒ූ߸ ੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerati g
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γ BRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1 [ , k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ શ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X | ͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k( d− k + ) (35)
͕੒ཱ͢ ˘
ʢূ໌ʣ φ ͷશͯͷग़ྗ஋ y , y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t 1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸Τϯτϩϐʔ νΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙ
kݸͷ ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H( 1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |
−H(Y1, Y2 . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ ൪໨ͷ౳߸ ૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸Τϯτϩϐʔ νΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
に対する確率分布が一様分布，す
なわち，
であるとする．このとき，
が成立する． □
（証明）関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13) ΦϦδφϧ৘ใߦྻ ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ ࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ Ͱߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi બ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ· ɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·Δɽߦྻ ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
ψi ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳ ༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛ φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ ͕ߟ͑ΒΕΔ ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ ͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩ͠ ؔ਺ φ(·)ͱೖྗ஋ x Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳ ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞ ೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମ ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ ൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹ ͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
の全ての出力値
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ· ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc ɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] (X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for unction) ݺͼ (αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖
αMBRF ≥ 2 d log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . , Y|X | | j1 , j2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [ , ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5 1] ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ α ఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . , (x c′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
શ͘ಘΒΕ ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerati g
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ ɼͦͷͱ͖ͷ
α ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ શ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆ ༻͍ͨɽ·ͨɼ೚ҙ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ର͠
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, 2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, 2, . . . , |X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5 1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈล ֤߲ʹର
に対して，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λ ੒ ɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ | |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢ ɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[ , , ] (X ,Y)-DS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒ ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ Ұҙ ఆ· ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc− ) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸ ೖྗ
ͱؔ਺஋ͷ૊ (xt1 yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ x ′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ ͍ͯ ɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢ ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ γMBRF ͱ͠ɼͦͷͱ͖
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽ F఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, , c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (34)
γMBRF ≥ 2cd log |Y|
k(2d )
(35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯ ग़ྗ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H( 1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [ , ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔ ඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯ ग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸Τϯτϩϐʔ νΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , j2 , . . . , ji−1) (39)
ΛಘΔɽ
هԱ༰ྔ α ఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊ ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬ ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δ ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | t1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕ ͍͜ Λҙຯ͍ͯ͠ ɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Functio ) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
α ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯ શ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X | ͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ ͳΘͪ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷ ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + ) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y , y , . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt− )
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y , Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , 2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷ ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ Λҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ ೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ ′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X , )-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
Λ F (Minimum Bandwidth Regenerating
point for Function) ݺͼɼ αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱ ͨɽMBR ఺ ର͠ Ҏ
Լ ੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯ શ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
α
l | |
( )
, ( 4)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯ ग़ྗ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt− )
+
|X |∑
t′=c+1
H(Yt′ | Y1, 2, . . . , Yt′−1)
≥
c
t=1
H(Yt | Y , Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33) ԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , i−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ 38)
ΑΓɼ
c log | | ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ α ఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্ه ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P ) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨ ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢ ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ 1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′− , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Ban width Regeneratin
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y , . . . , Yt′−1)
≥
c∑
t 1
H(Yt | Y Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5. ]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1] 3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y , . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
20
商　　大　　論　　集
が成り立つ．1 番目の等号はエントロピー
のチェイン則 [11, 定理 2.5.1]，不等号はエ
ントロピーの非負性 [11, 補題 2.1.1]，3 番目
の等号は条件 (P3) と注意 3，4 番目の等号
は式 (33) の仮定を用いた．また，任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報から関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ ߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใ ू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢Δ Ίʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
の全ての出力値が
一意に定まる，すなわち
であることから，出力値
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ ର
と
任意の
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の分散情報
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Β yc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , j2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , j2 , . . . , Ujk)
= H(Uj1 , j2 , . . . , Ujk)
−H(Uj1 , j2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , j2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , j2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸Τϯτϩϐʔ νΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , j2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
に対
して，
が成り立つ．2 番目の等号は相互情報量の
対称性 [11, 定理 2.4.1]，不等号はエントロ
ピーの非負性 [11, 補題 2.1.1]，3 番目の等
号はエントロピーのチェイン則 [11, 定理
2.5.1] を用いた．したがって，式 (36) と (38)
より，
を得る．
　記憶容量
͜͜Ͱɼ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P ) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
の定義より，式 (39) の右辺の
各項に対して，
が成り立つ．1 番目の不等号は条件部に確
率変数を増やしてもエントロピーは増加し
ないという条件付きエントロピーの性質
[11, 定理 2.6.5]，2 番目の不等号はエントロ
ピーは一様分布のときに最大となること
[11, 定理 2.6.4] を用いた．また，あるノー
ドが生成する再生成情報は，そのノードが
記憶している分散情報から一意に定まる，
すなわち
が成立するので，任意の
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣ ζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ ͸৽نϊʔυʹ
ૹ ͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢ ූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ Δɽ
個のノード 
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ ͍ͯΔ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ ͷ d + 1ݸͷϊʔυ ψji , ≤
i ≤ d+ 1ʹର ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:j −1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨ ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11 ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [ 1, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
に対して，
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y -࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, , . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | 1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷ ٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্ه ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
ؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , tc′−1) = H( tc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt ), . . . (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMB F)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Y | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
H(Uj1 , Uj2 , . . . , jk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ ɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′) ؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minim m Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , |X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | 1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=
H(Uji | Uj1 , Uj2 , . . . Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্ه ৚݅ (P1) ͸೚ ͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙ ఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < t ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ ′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′ 1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕ ͍͜ Λҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] (X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for unction) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
BRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y , Y2, . . . , Y|X |)
−H(Y , Y2, . . . , Y|X | | Uj1 , Uj2 , . . . ,
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H(Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠ ଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸ ৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1: d+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ ෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔ ੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜ Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭ 1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔ ੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , j2 , . . . , Uji−1 V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+ :jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1: d+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
d+1∑
l=i+1
H (Vjl,ji)
(d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3 ৚݅෦ʹ
֬཰ม਺Λ૿΍ ͯ΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
( + 1− i) in
= k(d+ 1)βmin − βmin
k∑
i=1
i
i
k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
Λಘ ɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)- ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] - ͱݺͿɽ
4.1 ४උ
. .1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
21
関数の保存を目的とした故障ノード修復可能な分散ストレージ方式における修復帯域幅を最小とする再生成符号の一構成法
が成り立つ．ここで，
とおいた．また，1 番目と 3 番目の不等号
は条件部に確率変数を増やしてもエントロ
ピーは増加しないという条件付きエントロ
ピーの性質 [11, 定理 2.6.5]，2 番目の等号は
条件 (P2)，3 番目の等号は相互情報量の対
称性 [11, 定理 2.4.1]，2 番目の不等号はエン
トロピーの非負性 [11, 補題 2.1.1]，4 番目の
不等号は同時エントロピーが個々の確率変
数のエントロピーの和を超えないという同
時エントロピーの性質 [11, 補題 2.1.1]，5 番
目の不等号はエントロピーは一様分布のと
きに最大となること [11, 定理 2.6.4] を用い
た．したがって，式 (39), (40), (42) より，
を得る．
　ここで，
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
の最小値を
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . , Uji−1) ≤ H(Uji)
≤ log U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(V 1,ji , . . , Vji−1,ji | Uj1 , . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . , Uji−1 , V [ 1:ji−1]ji
)
≤ H
(
Uji | V [ 1:ji−1]ji
)
= H
(
Uji | V [ 1:ji−1]ji
)
−H
(
Uji | V [ 1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [ 1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [ 1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [ 1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (V
l,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ ͜Ͱɼ
V
[ 1:ji−1]
ji
=
(
V 1,ji , Vj2ji , . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − (k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n k, d] P -MBRූ
߸ [4]ʹج͍ͮͨ [n k d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n k d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n k d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n k d, c] P -MBRFූ߸ͱݺͿɽ
4.1 ४උ
4 .1 ֤ू߹ͷఆٛ
[n k d, c] P -MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
とおくと，
式 (43) は，
となる．
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2 − k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢ ූ߸͸ ఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
なので，式 (44) の
両辺に
͜͜Ͱɼؔ਺ gʹΑͬͯܭࢉ͞ΕΔ uˆi ͸ɼނো͠
͍ͯͳ͍ n − 1ݸͷϊʔυ͕࣋ͭ෼ࢄ৘ใͱ uˆi ʹର
ͯ͠ɼ্ه 3ͭͷ৚݅Λຬͨ͢Α͏ͳ uˆi Ͱ͋Δɽ˘
্هͷ৚݅ (P1) ͸೚ҙͷ k ݸͷϊʔυ͕ੜ੒͢
Δؔ਺஋෮ݩ৘ใ͔Β࣌ࠁ t ʹ͓͚Δؔ਺஋ φ(xt)
͕Ұҙʹఆ·Γɼ৚݅ (P2) ͸ނোϊʔυҎ֎ͷ೚
ҙͷ d ݸͷϊʔυ͕ੜ੒͢Δ࠶ੜ੒৘ใ͔Β৽ن
ϊʔυͷ෼ࢄ৘ใ͕Ұҙʹఆ·Δ͜ͱΛҙຯ͍ͯ͠
Δɽ·ͨɼ৚݅ (P3) ͸ c − 1 ݸͷೖྗͱؔ਺஋ͷ
૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc−1 , ytc−1) ͱ৽ͨͳೖ
ྗ஋ xc͔Βɼyc = φ(xc)ʹؔ͢Δ৘ใ͕શ͘ಘΒΕ
ͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ
஫ҙ 3. ৚݅ (P3)Λຬ͍ͨͯ͠Ε͹ɼ1 ≤ t1 < t2 <
· · · < tc′ ≤ |X |, c′ ≤ cΛຬͨ͢೚ҙͷ c′ ݸͷؔ਺஋
yt1 , yt2 , . . . , ytc′ ʹରͯ͠ɼ
H(Ytc′ | Yt1 , Yt2 , . . . , Ytc′−1) = H(Ytc′ ) (32)
͕੒Γཱͭɽ͢ͳΘͪɼ৚݅ (P3)͸ c′ − 1ݸͷೖྗ
ͱؔ਺஋ͷ૊ (xt1 , yt1), (xt2 , yt2), . . . , (xtc′−1 , ytc′−1)
ͱ৽ͨͳೖྗ஋ xc′ ͔Βɼyc′ = φ(xc′)ʹؔ͢Δ৘ใ
͕શ͘ಘΒΕͳ͍͜ͱΛҙຯ͍ͯ͠Δɽ ˘
3.3 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷੑ࣭
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼम෮ଳҬ
෯ γ ͕࠷খͱͳΔͱ͖ʹهԱ༰ྔ αΛ࠷খͱ͢Δ఺
ΛMBRF఺ (Minimum Bandwidth Regenerating
point for Function) ͱݺͼɼ(αMBRF, γMBRF)Ͱද
͢ɽ͜͜Ͱɼγ ͷ࠷খ஋Λ γMBRF ͱ͠ɼͦͷͱ͖ͷ
αͷ࠷খ஋Λ αMBRFͱͨ͠ɽMBRF఺ʹରͯ͠ɼҎ
Լͷੑ࣭͕ಋग़Ͱ͖Δɽ
ఆཧ 1. [n k d, c] F(X ,Y)-࠶ੜ੒ූ߸ʹ͓͍ͯɼશ
ͯͷؔ਺஋ yt ∈ Y, t = 1, 2, . . . , |X |ʹର͢Δ֬཰෼
෍͕Ұ༷෼෍ɼ͢ͳΘͪɼ
pYt(yt) =
1
|Y| (33)
Ͱ͋Δͱ͢Δɽ͜ͷͱ͖ɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) , (34)
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (35)
͕੒ཱ͢Δɽ ˘
ʢূ໌ʣؔ਺ φ ͷશͯͷग़ྗ஋ y1, y2, . . . , y|X | ʹର
ͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
=
|X |∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
+
|X |∑
t′=c+1
H(Yt′ | Y1, Y2, . . . , Yt′−1)
≥
c∑
t=1
H(Yt | Y1, Y2, . . . , Yt−1)
=
c∑
t=1
H(Yt)
= c log |Y| (36)
͕੒Γཱͭɽ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯ
ଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ
[11, ิ୊ 2.1.1]ɼ3൪໨ͷ౳߸͸৚݅ (P3)ͱ஫ҙ 3ɼ
4൪໨ͷ౳߸͸ࣜ (33)ͷԾఆΛ༻͍ͨɽ·ͨɼ೚ҙͷ
kݸͷ෼ࢄ৘ใ͔Βؔ਺ φͷશͯͷग़ྗ஋͕Ұҙʹఆ
·Δɼ͢ͳΘͪ
H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk) = 0 (37)
Ͱ͋Δ͜ͱ͔Βɼग़ྗ஋ y1, y2, . . . , y|X |ͱ೚ҙͷ kݸ
ͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
H(Y1, Y2, . . . , Y|X |)
= H(Y1, Y2, . . . , Y|X |)
−H(Y1, Y2, . . . , Y|X | | Uj1 , Uj2 , . . . , Ujk)
= H(Uj1 , Uj2 , . . . , Ujk)
−H(Uj1 , Uj2 , . . . , Ujk | Y1, Y2, . . . , Y|X |)
≤ H Uj1 , Uj2 , . . . , Ujk)
=
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (38)
͕੒Γཱͭɽ2൪໨ͷ౳߸͸૬ޓ৘ใྔͷରশੑ [11,
ఆཧ 2.4.1]ɼෆ౳߸͸Τϯτϩϐʔͷඇෛੑ [11, ิ୊
2.1.1]ɼ3൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣΠϯଇ [11,
ఆཧ 2.5.1] Λ༻͍ͨɽ͕ͨͬͯ͠ɼࣜ (36) ͱ (38)
ΑΓɼ
c log |Y| ≤
k∑
i=1
H(Uji | Uj1 , Uj2 , . . . , Uji−1) (39)
ΛಘΔɽ
هԱ༰ྔ αͷఆٛΑΓɼࣜ (39)ͷӈลͷ֤߲ʹର
を乗じることにより，
を得る．また，式 (43) より，修復帯域幅が
最小のときの記憶容量の最小値
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
は
となるので，式 (45) より，
を得る． □
4　 修 復 帯 域 幅 を 最 小 と す る
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
. 7 ( , ), , , , , ,
, 5 , f1, , f2, g, d k
3 , k, d
3 [ , k, d]
( , )-
: ( , ) n
( , )
( 1, 2, . . . , n), j , 1 j (25)
( ) ( 1, 2, . . . , n) (26)
j
j j j
1 t | |
k t1 , t2 , . . . , tk
t t
t t
t ̸ t′ , t ̸ t′
t 1 1, 2, . . . , t 1
k tj , 1
j k f1 : yt
( t) tj ,t f1( tj , t)
k
t1,t, t2,t, . . . , tk,t
: k
t ( t1,t, t2,t, . . . , tk,t)
i i
i
d
i1 , i2 , . . . , id
͸ f2 :
vij ,i, 1 j d
f2( ij , i) vij ,i, 1 j d (27)
d
g : d
ˆi
g(vi1,i, . . . , vid,i) ˆi (28)
i i ˆi
[ , k, d] ( , )-
t, 1 t | |
( , ) , , f1, , f2, g
1 i, j , 1 t | |
j , j,t, vi,j , yt
j , j,t, i,j , t [ , k, d]
log | |, log | |
γ d
. | | 1 [ , k, d] ( , -
1
( 1) ( 1)
j j,1,
1 j [ , k, d]
. [ , k, d, c] ( , )-
[ , k, d] ( , )-
[ , k, d]
. [ , k, d] ( , )-
( 1)-( 3) ( , f1, , f2, g)
[ , k, d, c] ( , )-
( ) t t k
t1 , t2 , . . . , tk
( t | t1,t, t2,t, . . . , tk,t) 0,
1 t | | (29)
( ) d 1 i, i1 , i2 , . . . , id
( i | i1,i, i2,i, . . . , id,i) 0 (30)
( ) 1 t1 t2 · · · tc | |
c yt1 , yt2 , . . . , ytc
( tc | t1 , t2 , . . . , tc−1) ( tc) (31)
再生成符号の構成
法
　本章では，2.3 節で紹介した
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi ψi , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-
MBR 符号 [4] に基づいた
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U هԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再生成符号の構成法を提案する．提案す
る符号は，定理 1 の下界を達成する．す
な わ ち，MBRF 点 を 達 成 す る
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un) uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊ υͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ ނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλ DCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊ ɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Ε ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ Ұ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨ ఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi ψi1 ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再生成符号となる．以降，本論文
で提案する MBRF 点を達成する
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸ ݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ x ͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ ɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ n ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺ ϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸ xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δ ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ Ұ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k d] DS ͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P ) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
再 生 成 符 号 を
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7 ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢ ɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪ ؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
ܭࢉ͢Δɽ࣍ʹɼu Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψ ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใ ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
Λ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, , d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-
MBRF 符号と呼ぶ．
4.1　準備
4.1.1　各集合の定義
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧ هԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢ ؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷ
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V| ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳Ձͳํࣜʹͳ ˘
3.2 [n, , d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X , )-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符号では，
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd 1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [ 1, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] P -MBRF Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ ͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খ ͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n k, d, c] PM-MBRFූ߸Ͱ͸ɼk d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ ͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ ɽ·ͨɼ1൪໨ 3൪໨ ෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [ 1, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨ ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ ɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷ ɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯ ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [ ]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X , )-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺ ୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
[n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ , k, d, cʹରͯ͠ɼU =を満たす任意の正整数
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸
Τϯτϩϐʔ͸Ұ༷෼෍ͷ ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1: d+1]
ji
| V [ 1: i−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
(
Vj1,ji , Vj2ji . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
= Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑ ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ هԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯ ࠷খͱ Δ [n k d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] P -MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] P -MBRFූ߸ͱݺͿɽ
4 1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] P -MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n k d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷ ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢Δ Ͱɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji . . . , −1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑ ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ هԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ [n, k, d, c]
F( ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
๏ΛఏҊ͢ΔɽఏҊ͢Δූ ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =に対して，
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [ 1, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷ ͖ʹ࠷େͱͳΔ͜ͱ [ 1,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ ͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1 = 0 (41)
͕੒ཱ͢Δ Ͱɼ೚ҙ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [ 1, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [ , ఆཧ 2.4.1] 2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [ , ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [ , ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷ ͖ʹ࠷
େͱͳΔ͜ͱ [ 1, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ 39 , (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱ ࣜ (43)͸ɼ
c log | | ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
( 4)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ ( 4)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k( d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খ ͱ
͖ هԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ ๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ ූ߸ͷߏ
๏Λ ɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒ ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼ จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, , , c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU = Fcdq , V = Fq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢ ɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m) Bi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
とおく．
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, ,
Y, 5ͭͷؔ਺ , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใ ͢Δ ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2 un), uj ∈ U , 1 ≤ j ≤ (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1 ެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ ؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞Ε ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ· ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+ ]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d 1− i)β (42)
੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
+1,ji , +2,ji , . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ ෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จ ఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d cʹରͯ͠ɼU =
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ ͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . Uji−1
)
= H
(
Uji | Uj1 , Uj2 . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1: d+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1: d ]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ ͱ͖ʹ࠷
େͱͳΔ͜ͱ [1 , ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k in
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44 ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓ म෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
α ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
X|Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿ ͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [ 1, ఆ . 2 ໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷ ͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ· ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
i | U 1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
U
i | V [j1:ji−1]ji
)
U
i
| V [j1:ji−1]ji , V
[ i+ :jd+1]
ji
=
[ i : ]
i
| [ : i ]
i
−H
(
V
[ji 1:jd 1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji : 1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ ෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ ɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ ʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
Λಘ ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અ ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ Δ
MBRF఺Λୡ੒͢ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙ d + 1ݸ ϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , Uj2 , . . . , Uji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺ ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMB ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳ ͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ ఏҊ͢ΔɽఏҊ͢Δූ߸͸ ఆཧ 1 ͷԼք
ୡ੒͢ ɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y -࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ ݺͿ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] Λ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠
H
(
Uji | Uj1 , Uj2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , 2 . , ji−1 , V [j1:ji−1]ji
)
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+ :jd+1]
ji
| V [j1:ji−1]ji , Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
≤ H
(
V
[ji+1:jd+1]
ji
)
≤
d+1∑
l i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji−1]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+ :jd+1]
ji
=
(
Vji+1,ji , Vji+2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ· ɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸ (P2)ɼ3൪໨ͷ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1] ൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [11, ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
= k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
(44)
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1 (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢ ɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] P -MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1.1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d, cʹରͯ͠ɼU =
ͯ͠ɼ
H(Uji | Uj1 , Uj2 , . . . , Uji−1) ≤ H(Uji)
≤ log |U|
= α (40)
͕੒Γཱͭɽ1൪໨ͷෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ૿
΍ͯ͠΋Τϯτϩϐ ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τ
ϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷෆ౳߸͸
Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷େͱͳΔ͜ͱ [11,
ఆཧ 2.6.4] ༻͍ͨɽ·ͨɼ͋Δϊʔυ͕ੜ੒͢Δ࠶
ੜ੒৘ใ͸ɼͦͷϊʔυ͕هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β
Ұҙʹఆ·Δɼ͢ͳΘͪ
H(Vj1,ji , . . . , Vji−1,ji | Uj1 , . . . , Uji−1) = 0 (41)
͕੒ཱ͢ΔͷͰɼ೚ҙͷ d + 1ݸͷϊʔυ ψji , 1 ≤
i ≤ d+ 1ʹରͯ͠ɼ
H
(
Uji | Uj1 , j2 , . . . , Uji−1
)
= H
(
Uji | Uj1 , 2 , . . . , Uji−1 , V [j1:ji−1]ji
≤ H
(
Uji | V [j1:ji−1]ji
)
= H
(
Uji | V [j1:ji−1]ji
)
−H
(
Uji | V [j1:ji−1]ji , V
[ji+1:jd+1]
ji
)
= H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
−H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]
i
, Uji
)
≤ H
(
V
[ji+1:jd+1]
ji
| V [j1:ji−1]ji
)
H
(
V
[ji+1:jd+1]
ji
)
d+1∑
l=i+1
H (Vjl,ji)
≤ (d+ 1− i)β (42)
͕੒Γཱͭɽ͜͜Ͱɼ
V
[j1:ji− ]
ji
=
(
Vj1,ji , Vj2ji , . . . , Vji−1,ji
)
V
[ji+1:jd+1]
ji
=
(
Vji+1,ji , Vji 2,ji , . . . , Vjd+1,ji
)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͱ 3൪໨ͷෆ౳߸͸৚݅෦ʹ
֬཰ม਺Λ૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍
͏৚݅෇͖Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪
໨ͷ౳߸͸৚݅ (P2)ɼ3൪໨ ౳߸͸૬ޓ৘ใྔͷର
শੑ [11, ఆཧ 2.4.1]ɼ2൪໨ͷෆ౳߸͸Τϯτϩϐʔ
ͷඇෛੑ [11, ิ୊ 2.1.1]ɼ4൪໨ͷෆ౳߸͸ಉ࣌Τϯ
τϩϐʔ͕ݸʑͷ֬཰ม਺ͷΤϯτϩϐʔͷ࿨Λ௒͑
ͳ͍ͱ͍͏ಉ࣌Τϯτϩϐʔͷੑ࣭ [1 , ิ୊ 2.1.1]ɼ
5൪໨ͷෆ౳߸͸Τϯτϩϐʔ͸Ұ༷෼෍ͷͱ͖ʹ࠷
େͱͳΔ͜ͱ [11, ఆཧ 2.6.4] Λ༻͍ͨɽ͕ͨͬͯ͠ɼ
ࣜ (39), (40), (42)ΑΓɼ
c log |Y| ≤
k∑
i=1
min {α, (d+ 1− i)β} (43)
ΛಘΔɽ
͜͜Ͱɼβ ͷ࠷খ஋Λ βmin ͱ͓͘ͱɼࣜ (43)͸ɼ
c log |Y| ≤
k∑
i=1
(d+ 1− i)βmin
= k(d+ 1)βmin − βmin
k∑
i=1
i
k(d+ 1)βmin − k(k + 1)βmin
2
=
k(2d− k + 1)βmin
2
4
ͱͳΔɽγMBRF = dβminͳͷͰɼࣜ (44)ͷ྆ลʹ d
Λ৐͡Δ͜ͱʹΑΓɼ
γMBRF ≥ 2cd log |Y|
k(2d− k + 1) (45)
ΛಘΔɽ·ͨɼࣜ (43)ΑΓɼम෮ଳҬ෯͕࠷খͷͱ
͖ͷهԱ༰ྔͷ࠷খ஋ αMBRF ͸
αMBRF ≥ dβmin
= γMBRF (46)
ͱͳΔͷͰɼࣜ (45)ΑΓɼ
αMBRF ≥ 2cd log |Y|
k(2d− k + 1) (47)
ΛಘΔɽ ˘
4 म෮ଳҬ෯Λ࠷খͱ͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͷߏ੒๏
ຊষͰ͸ɼ2.3અͰ঺հͨ͠ [n, k, d] PM-MBRූ
߸ [4]ʹج͍ͮͨ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͷߏ
੒๏ΛఏҊ͢ΔɽఏҊ͢Δූ߸͸ɼఆཧ 1 ͷԼքΛ
ୡ੒͢Δɽ͢ͳΘͪɼMBRF఺Λୡ੒͢Δ [n, k, d, c]
F(X ,Y)-࠶ੜ੒ූ߸ͱͳΔɽҎ߱ɼຊ࿦จͰఏҊ͢Δ
MBRF఺Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
Λ [n, k, d, c] PM-MBRFූ߸ͱݺͿɽ
4.1 ४උ
4.1 1 ֤ू߹ͷఆٛ
[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼ ≤ d < n, c <
|X |Λຬͨ͢೚ҙͷਖ਼੔਺ n, k, d cʹରͯ͠ɼU =
22
商　　大　　論　　集
PM-MBRF 符号では，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
個の
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼ (2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = ( 1( ), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ ͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ ಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰ ҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜Ͱɼ ˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻ ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰ ҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
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次多項式
から定まる関数
の保存を目的とする．すなわち，上記
で 定 義 さ れ る 関 数
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋ ɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l, )ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
ˆ
k
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
全 体 の 集
合 が
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱ j ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
ˆ
k
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)

Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
と な る． ま た，ID 情 報
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
j =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
k, ϕk+1j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ( ) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
h(l, = al(h,m),
1≤h≤k, 1 l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊ ͜͜ͰɼAˆh Ah
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
Rͱ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ R͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak k
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
は，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSS ݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷ Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS ࣮ݱ ූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
P -
符号と同様に，
とする．ただし，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙ ఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ ؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-M RFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛ Δ͜ͱͰɼߦྻ
RͱߦྻA1 A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰ ͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ C ,Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k, ) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k, ) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
は 0 以外の値
で，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-M RFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜Ͱ AˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
Δͱ Aˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , ˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻ ݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak( ,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1( ,m) b2(k, ) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
を満たす任意の
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘ ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, ′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ Ұ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ R ෼෍ͱؔ਺ φͷ෼෍͸౳Ձ ͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1 h≤k, 1 l≤k, 1≤m≤c, (54)
bi(
′,m) = al′(k+i,m),
1 l′≤k, 1 i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
Δͱ Aˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻ ͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ લ
અͰ ͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, D , 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
に対して
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 48)
͔Βఆ·Δؔ਺
φ(x) = P1(x), 2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
=
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj ,
k+1
j , . . . , ϕ
1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱ j ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸
φ( ) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨ π× c ͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ· ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳Ձ ͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-M RFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l k, 1≤m≤c, (54)
bi(l
′,m) = al′(k i,m),
1≤ l′≤k, ≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜Ͱɼ ˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h 1)× ߦྻ ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸ d×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm Dm, 1 ≤ m ≤ cΛ
Cm =

1( , ) a2(1,m) · · · ak(1,m)
1( , ) a2(2,m) · · · ak(2,m)
...
...
. . .
...
1( , ) a2(k,m) · · · ak(k,m)
 ,
Dm =

1 b2(1,m) · · · bd−k( , )
1 b2(2,m) · · · bd−k(2,m)
...
. . .
...
1 b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
C Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
を満たすように定める．
ここで，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r ,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ R ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
... . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
とし，関数
2.3.3 ΦϦδφϧ ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
) 1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ର͠ ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨ Ψd ͸ٯߦྻ Ψ−1d ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମ ू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x ؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋Δ Ͱɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্ه Α͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ ɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
の係数から定まる行列を
とおくと，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +Ψ D ( 0)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨล ࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙ ఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨ ͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·) ೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
は，
と書ける．また，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φ ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
行列
Fcdq , V Fcq, Fdq , Fq, Fk(2d−k+1)/2q
[n, k, d, c] - k(2d k
1)/2 Fq c 1
(x)
c
i=1
r ,ix
i−1,
1 k(2d k 1)/2 (48)
(x) ( 1(x), 2(x), . . . , k(2d−k+1)/2(x))⊤
: ( , )
I j Fdq , 1 j n [n, k, d] -
j
(
j , j
)⊤
, (49)
j
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ Fdq , (50)
j
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ Fd−kq (51)
ϕj Fq 0 j ̸ j′
j, j′ ϕj ̸ ϕj′
π k(2d k 1)/2
r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
(52)
(x)
(
1, x, x2, . . . , xc−1
)⊤
(53)
π c Fcpiq
r ,i
Fq
4.1.2
[n k, d, c] -
Fq k
d c 1, 2, . . . , k d k k c
1, 2, . . . , d−k h
l ah(l, ) i l
′
bi(l
′, )
ah(l, ) al(h, ),
1 h k, 1 l k, 1 c, (54)
bi(l
′, ) al′(k i, ),
1 l′ k, 1 i d k, 1 c (55)
ˆ
h h
h 1 d (h 1) c
ˆ
1, ˆ2, . . . , ˆk
d 1, . . . , k, 1, . . . , d−k
ck(2d k 1)/2
ˆ
1
ˆ
2
...
ˆ
k
(56)
ˆ
1, ˆ2, . . . , ˆk
1, 2, . . . , k, 1, 2, . . . , d−k
d 1, 2, . . . , k, 1, 2, . . . , d−k
4.1.3
[n, k, d, c] -
Fq
c d d T , 1 c
T
, , 1 c
a1(1, ) a2(1, ) · · · ak(1, )
a1(2, ) a2(2, ) · · · ak(2, )
...
...
. . .
...
a1(k, ) a2(k, ) · · · ak(k, )
,
b1(1, ) b2(1, ) · · · bd−k(1, )
b1(2, ) b2(2, ) · · · bd−k(2, )
...
...
. . .
...
b1(k, ) b2(k, ) · · · bd−k(k, )
T
[
⊤
(d−k) (d k)
]
, 1 c (57)
の分布を，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4. .2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1, ) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ ͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ఆٛ͢Δɽ
上の一様分布とする．すなわち，行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ ैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼ h
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h, ),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i, ),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, ˆ2, . . . , ˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ ͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
の各要素
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ − 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), 2 x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
j =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, , ϕ2j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d 1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ ೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
..
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱ ؔ਺ φ͸ɼ
φ( ) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳Ձͱͳ ɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻ ఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦ ྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . k, B1 B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹ ෼ࢄ
৘ใੜ੒ ྻ͔Βఆ· ߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

1 , a2(1,m) · · · ak(1,m)
1 , a2(2,m) · · · ak(2,m)
...
...
. . .
...
1 , a2(k,m) · · · ak(k,m)
 ,
Dm =

1 , b2(1,m) · · · bd−k(1, )
1 , b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
1 , b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
C Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ఆٛ͢Δɽ
は互いに独立に
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମ ू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
.
.
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
.
.
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
上の一
様分布に従って生起する．よって，行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨త ͢Δɽ͢ Θͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4 1 2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬ ͢Α͏ʹ Aˆ1, ˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩ ཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k, ) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
が定まることで関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1, u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (2 )ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜ ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y) ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹ ΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σ λίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ ؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
が一意に定まること
より，行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, , d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x )⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ· ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑ ɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳Ձ ͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ Ah
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ ྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k, ) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
の分布と関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢ ͜ͱ Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1, u
′
j1,2
· · · u′j1 k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
औΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1 ৐͡ ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζ ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22
Λܭࢉ͠ɼ৽نϊ υʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδ ϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର ؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰ ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔ ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y อଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମ ू߹ΛN = {ψ1, ψ2, . . . , ψn}
͠ɼؔ਺ φ͸ F(X ,Y)্ Ұ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
の分布は等価
となる．
4.1.2　分散情報生成行列の定義
　
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘ ํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y -DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ t ͓͚Δೖྗ஋ xt kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
੒ཱ͢ ɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符号の分散情報は，
行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼ φͷ܎਺
͔Βఆ·Δ ྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ R ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , k ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd− ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸ ͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
..
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2 m) · · · a (2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2, )
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
と一対一に対応する
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 j n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
... ..
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× c R ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ ಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯ ߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ ؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ ͯ͠ߦྻR͔ΒఆΊͨ
dݸͷ ྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ C ,Dm, 1 ≤ ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
の元を要素
とする
࿦จ
ؔ਺ͷอଘ ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খ ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
ετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ ΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ ํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυ ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBR ූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞Ε ؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱ ؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ΑΓɼ Rͷ෼෍ ؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, , c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ q ͷݩΛ ૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1 h≤ , l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck 2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশ T , 1 ≤ m ≤ c
ʹج͍ͮͯ ͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1, ) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ
行列
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͢Δɽ
と
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψ
)⊤
, (49)
ψj =
(
1, j ,
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1, · · · r1,c
2 2 2
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱ ؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼF piq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳Ձ ͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, , d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢ Fq ͷݩΛཁૉ ͢ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi l′,m) ͱͨ͠ͱ͖ɼ
ah(l, ) al(h,m),
1 h k, 1 l k 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻ ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

A1
2
...
ˆ
k
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , k, B1, B2, . . . , d−k ͷ૊Λ
෼ࢄ ͱݺͿɽ
4.1.3 ࠶ ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽT Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
2 2 2
...
...
. . .
...
a (k, ) a2(k, ) · · · ak( ,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b (2 2 2
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
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行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ Δɽ͢ͳΘͪɼ Rͷ֤ཁૉ rm,i͸ޓ
͍ ಠཱʹ Fq ্ͷҰ༷෼෍ ैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ ؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷ ٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰ ҰʹରԠ͢Δ Fq ݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ ͨͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h k, 1≤ l k, 1≤m c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′ k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜Ͱɼ ˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰ ҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽT Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k, ) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
に基
づいて生成される．ただし，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk( d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψ =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱ ؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳Ձͱ Δɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ 1, A2, . . . , Ak ͱ d − k ݸͷ k × c
1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
lߦmྻͷཁૉΛ ah(l,m)ɼBi l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah( ,m) = al(h,m),
1≤h k, 1 l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1 i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
Δͱɼ ˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ ˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
Rͱߦྻ 1, A2, . . . , Ak, 1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷ ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻT , 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2, ) · · · ak(2,m)
...
...
. . .
...
a1(k, ) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2( ,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
のFcdq V = Fcq, W = Fdq , X = Fq Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, , c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্ه ఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ ɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi, · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
lߦm ͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦ ྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆk ཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
行c
q ,
c
q, q , q
( )
q
[ , , , ] -
q
c
i
,i
i ,
, , . . . , ( )
: ,
I j q , [ , , ] -
j j , j ,
j , j , j , . . . , j q ,
j j
, j , . . . , j q
͢Δ j q ̸ ′
, ′ j ̸ j′
, , · · · ,c
, , · · · ,c
...
...
. . .
...
pi, pi,2 · · · pi,c
, , , . . . , c
cpi
q
,i
q
. .
[ , , , ] -
q
, , . . . ,
, , . . . ,
l l, i l
′ m
i l
′,
l, l , ,
1 , l , ,
i l
′, l′ i, ,
l′ i ,
, , . . . ,
, . . . , , , . . . ,
...
, , . . . ,
, , . . . , , , , . . . ,
, , . . . , , , , . . . ,
. .
[ , , , ] -
q
,
, ,
, , · · · ,
, , · · · ,
...
...
. . .
...
, , · · · ,
,
, , · · · ,
, , · · · ,
...
...
. . .
...
, , · · · ,
( ) ( )
,
列
の要素をFcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪ ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m) Bi ͷ l′ ߦm ͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ ͨ d− (h− 1)× cߦྻ ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
，cd
q ,
c
q,
d
q , q,
k(2d k 1)/2
q
[ , , , c] - (
) q c
( )
c
i 1
r ,i
i 1,
( ) ( )
( ) ( 1( ), 2( ), . . . , k(2d k 1)/2( ))
: ( , )
I j
d
q , j [ , , ] -
j j , j , ( )
j
(
, j ,
2
j , . . . ,
k 1
j
)
d
q , ( )
j
(
k
j ,
k 1
j , . . . ,
d 1
j
)
d k
q ( )
j q ͷ j ̸ j′
j, j′ j ̸ j′
( )
r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
( )
( )
(
, , 2, . . . , c 1
)
( )
c cpiq
r ,i
q
. .
[ , , , c] -
q
c 1, 2, . . . , k c
1, 2, . . . , d k h
l h(l, ) i l
′
bi(l
′, )
h(l, ) l( , ),
, l , c, ( )
bi(l
′, ) l′( i, ),
1 l′ , i , c ( )
h h
( ) c
1, 2, . . . , k
1, . . . , k, 1, . . . , d k
c ( )
1
2
...
k
( )
1, 2, . . . , k
1, 2, . . . , k, 1, 2, . . . , d k
1, 2, . . . , k, 1, 2, . . . , d k
. .
[ , , , c] -
q
c , c
, , c
1( , ) 2( , ) · · · k( , )
1( , 2( , ) · · · k( , )
...
...
. . .
...
1( , ) 2( , ) · · · k( , )
,
b1( , ) b2( , ) · · · bd k( , )
b1( , ) b2( , ) · · · bd k( , )
...
...
. . .
...
b1( , ) b2( , ) · · · bd k( , )
(d k) (d k)
, c ( )
の
̸
̸
行Fcdq , V = cq, W = Fdq , X = Fq, Y = k(2d−k+1)/2q
ͱ͓͘ɽ[n, , , c] PM-MBRFූ߸Ͱ͸ k(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ· ɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2, · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉ ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
Δ ɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
ͨ͠ ͬͯɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, ˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ ͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1, ) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
列の要素をFcdq , V = Fcq, W = Fdq , X = Fq, Y Fk(2d−k+1)/2
ͱ͓͘ɽ[n, k d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = ( 1( ), P2(x), . . . , Pk(2d−k+1)/2( ))⊤ ∈ Y
ͷอଘΛ໨తͱ Δɽ͢ͳΘͪɼ্ه ఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ ஋Ͱɼj ̸= ′Λ
ຬͨ͢೚ҙͷ j, j′ ʹର ͯ ϕj ̸= ϕj′ Λຬͨ Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ ಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹ
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ
ͱҰ ҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
lߦmྻͷཁૉ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻ ఆΊΔɽ͜͜Ͱɼ ˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ d− (h− 1)× cߦྻͱ͢
ͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸ ߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛ Ί ͜ Ͱɼߦྻ
RͱߦྻA ,A2, . . . Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใ ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અ ఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰ ҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
としたとき，
が成り立つように各行列を定める．こ
こで，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+ )/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1, r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍Λɼ cpiq ্ͷ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
lߦm ͷཁૉΛ ah(l,m) Bi ͷ l′ ߦmྻ ཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l m) = al(h,m),
1≤h≤ , ≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, ≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊ ɽ͜͜Ͱ AˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ ʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ૊
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশ Tm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊ ɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2, )
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
を
1
̸
̸
の上から
Fcdq , V = cq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk( d−k+1)/2(x))⊤ ∈ Y
ͷอଘ ໨త ͢ ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମ ू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ· ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦm ͷཁૉΛ ah(l,m) Bi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ ͖ɼ
ah(l,m) = al(h, ),
1≤h≤k, 1≤ l≤k, 1 m≤c, (54)
bi(l
′, ) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ ΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શ ಠཱʹఆΊΒΕΔɽ
͕ͨͬ͠ ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰ ߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔ ຊ࿦จͰ͸ɼ͜ Α͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸ ߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, , d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩ ཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
行を除い
た
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+ )q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), 2 x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘ ໨త ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
j =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, j , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d 1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊ ɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · 2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c

 (52)
ͱ͓͘ͱ ؔ਺ φ͸ɼ
φ( ) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦm ͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = a (h,m),
1≤h≤k, 1≤ l k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛ h
ͷ্͔Β h− 1ߦΛআ͍ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =


Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻ ݺͿ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

1( , ) a2(1,m) · · · ak(1,m)
1( , ) a2(2,m) · · · ak(2,m)
...
...
. . .
...
1( , ) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1( , ) b2(1,m) · · · bd−k(1,m)
b1( , ) b2(2,m) · · · bd−k 2
...
...
. . .
...
b1( , ) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
C Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
行 列 と す る と，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
P (x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨త ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ· ɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MB
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, , ϕ2j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/ ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
... ..
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
( 3)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ Ұ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ R ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4 1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻ ཁૉΛ ah(l, )ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤ , 1≤m≤c, (54)
bi l
′,m) = al′(k+i, ),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒Γཱͭ ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−k
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ , Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใ ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒ ͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ ≤ cΛ
Cm =

a1(1,m) a2(1, ) · · · ak(1,m)
a1(2,m) a2(2, ) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k, ) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨త ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r ,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱ͠ ͱ͖
ah(l, ) = al h,m),
1≤h≤k 1 l≤k, 1 m≤c, ( 4)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻ ͢
Δ Aˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬ͠ ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−k
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊ ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳ ຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ૊Λ
෼ࢄ৘ใ ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒ ͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻT , 1 ≤ ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k, )

͓͘ɽ͜ ͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
の要素は全て独立に定められ
る．したがって，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খ ͢Δ࠶ ੒ූ߸ͷҰߏ ๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ ΦϦδφ
ϧ৘ใΛ n ݸ ϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖ ɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใ ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑ ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ ނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ ͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊ ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2] ߋʹ ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊ ඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ म෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ τϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯ ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳ ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の行列
cd
q , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 m k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞Ε ؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ =
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+ )/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ ɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉ ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h, ),
1 h≤k 1≤ l≤k, 1≤ c, 54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ ΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦ আ͍ͨ d− (h− 1)× cߦྻͱ͢
ͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸ ߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱ ཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2 . . . , Ak, B1, B2, . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2 . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, , c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽT Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ C ,Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Β · ؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳ ɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2, . . . , ϕk−1j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱ j ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m) Bi ͷ l′ ߦ ྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m)
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1 . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ , Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ· ߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k, ) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
に お い て 独 立 な 要 素 数 は
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = F (2d− +1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+ )/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj , (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ ϕj ∈ Fq ͸ 0Ҏ֎ ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, ′ ରͯ͠ ϕj ̸= ϕj′ Λຬͨ Α͏ʹ
ఆΊΔɽ
͜͜Ͱ π = k(2 − k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
.
.
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) =
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ R ֤ཁૉ rm,i ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1 h≤k, 1 l≤k, ≤m≤c (54)
bi(l
′,m) = al′(k+i,m),
1 l′≤k, 1≤ i d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊ ɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳ ɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . , Bd−k ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻ ఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ ৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm ఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใ ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
個となるので，行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰ ٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱ Δɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ [n, k, d] PM-MBR
ූ߸ͱಉ༷ʹ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱ π k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
͓͘ͱɼؔ਺ φ͸ɼ
φ(x) =
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸ
d × c A1, A2, . . . , Ak ͱ d − ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l, )ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, ≤ l≤k, 1≤ ≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1 Λআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

1( , ) a2(1,m) · · · ak(1,m)
1( , ) a2(2,m) · · · ak(2,m)
...
...
. . .
...
1( , ) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1( ,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
に
対して，
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i 1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ ϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2 ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ ෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ ߦྻ R
ͱҰରҰʹରԠ Fq ͷݩΛཁૉͱ͢Δ ݸͷ
d × cߦྻ A1, A2, . . . , Ak d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′, ) = al′(k+i,m),
1≤ l′≤k, 1≤ i , 1 m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆ ˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d (h 1) cߦྻͱ͢
Δͱ Aˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠ ʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − + 1)/2ݸ ͳ ͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . AˆkΛఆΊΔ͜ͱͰɼߦྻ
Rͱ ྻA1, A2, . . , Ak, 1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸ d×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢Δ Ίʹ ෼ࢄ
৘ใੜ੒ ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1( ,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2, ) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2( ,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2, ) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ ͱ͖ɼ࠶ੜ੒৘ใੜ੒ Λ
Tm =
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM- B Fූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n k d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ ɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢ ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ ಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ΑΓɼߦྻ Rͷ෼෍ ؔ਺ φ ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, ≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜Ͱ AˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻ ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱ ఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
.
.
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , Aˆk ఆΊΔ͜ͱ ɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷ ྻ A1, A2, . . . , Ak B1 B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿ
4.1.3 ੒ߦྻͷఆ
[n, k, d, ] - BRFූ߸ ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆ ੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm 1 ≤ m ≤ cΛ
C =

a1(1, ) a2(1, ) · · · ak(1,m)
a1(2,m) a2(2, ) ak(2,m)
..
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm

b1(1 m) b2(1,m) · · · bd−k(1,m)
2, ) b2(2,m) · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k, ) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+ )/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମ ू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ ɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj
(
1, ϕj , ϕ
2
j , . . . ,
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj ,
k+1, . . . , ϕd−1j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ ؔ਺ φ ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
..
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
͓͘ͱɼؔ਺ φ͸ɼ
φ(x = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨ π× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ R ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4. .2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮ ੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤ , 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕ ΓཱͭΑ͏ʹ֤ߦྻ ఆΊ ɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺ c 1)/2ݸͱͳΔ
Ͱ ߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
Rͱߦྻ 1, A2 . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A , . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ લ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ ͱҰରҰʹରԠ͢Δ Fq
ݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm ఆٛ ͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1, ) a2(1, ) · · · ak(1, )
a 2, a2(2, ) · · · ak(2,m)
...
...
. . .
...
a k, a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1, ) b2(1,m) · · · bd−k(1, )
b1 2, ) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 m ≤ c (57)
ͱఆٛ͢Δɽ
cd, V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , P (2 −k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R

r1,1 r1,2 · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi, · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× c ͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰ ରԠ͢Δ Fq ͷݩ ཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹجͮ ੜ੒͞ΕΔɽͨ ͩ͠ɼAh
lߦmྻͷཁૉΛ ah(l,m) Bi ͷ l′ ߦmྻͷཁ
bi(l
′ m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦ আ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . Aˆkͷཁૉ͸ ͯಠཱʹఆΊ ΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛ ɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, 2, . . . , Bd−k ౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . Ak, B1, B2, . . . Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮ ੜ੒͞ΕΔɽTm Λఆٛ ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1, · · · ak(1, )
a (2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k, )

 ,
Dm =

b1(1,m) b2(1, ) · · · bd−k(1,m)
b1( ,m) b2(2,m) · · · bd−k(2,m)
...
.
.
. . .
...
b1(k, ) b , · · · bd−k(k,m)


ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V c , W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,i
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
͢ ͨͩ͠ɼϕj Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ· ߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼ ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨ π× c Rͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪ ͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢Δ Αͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍ ౳ՁͱͳΔɽ
4 1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ͍ͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
lߦmྻͷཁૉ ah(l,m)ɼBi ͷ l′ ߦm ͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m)
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻ ͢
Δ , 2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−k
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼ
RͱߦྻA1, A2, . . . , A ,B1, 2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBR ූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ C ,Dm, 1 ≤ ≤ cΛ
Cm =


a1(1,m) a2(1, ) · · · ak(1,m)
a1(2,m) a2(2,m) · · · k(2, )
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1, ) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = q, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] P -MBRFූ߸ ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i 1,
≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ Δɽ͢ͳΘͪɼ্هͰఆٛ͞Ε
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = (2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ ɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ Ұ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , d−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m) Bi ͷ l′ ߦmྻ ཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h, ,
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ ΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d (h 1) cߦྻͱ͢
Δ ɼAˆ1, ˆ2 . . . , Aˆkͷཁૉ ΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , 1, . . . , Bd−k
͓͍ͯಠཱ ཁૉ਺͸ c (2d 1)/2 ͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
=

Aˆ1
Aˆ2
...
Aˆk

 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛ Ί ͜ ɼߦྻ
RͱߦྻA1, 2, . . . , Ak, B1, B2, . . , Bd−k͕౳Ձʹ
ͳ ɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦ R͔ΒఆΊͨ
dݸ ߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻ ݺͿ
4.1 3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻ ҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽT Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k, ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2, ) · · · bd−k(2, )
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y Fk(2d−k )/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମ ू߹͕ (X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , 50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (5 )
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ· ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ ߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ݩΛཁૉͱ͢Δ ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊ ɽ͜͜Ͱ AˆhΛAh
ͷ্ h− 1 Λআ͍ͨ d− (h− 1)× cߦྻͱ͢
ͱɼAˆ1, Aˆ2, . . . , Aˆk ཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, A ,B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ ͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ ྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻT , 1 ≤ ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ ͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =


a1(1, ) a2(1, ) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2 2, ) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷ ͖ ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ ≤ c (57)
ͱఆٛ͢Δɽ
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関数の保存を目的とした故障ノード修復可能な分散ストレージ方式における修復帯域幅を最小とする再生成符号の一構成法
を満たすように
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
を定めるこ
とで，行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ· ߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× c Rͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
と行列
d, V c , W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ( ) = P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
j =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj ,
k+
j , . . . , ϕ
1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2, · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, , x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1 h≤k, 1≤ l k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1 l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊ ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ c d×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1, ) b2(1,m) · · · bd−k(1,m)
b1(2, ) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k, ) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻ ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻ ݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
が等価になる．本論文では，こ
のようにして行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
から定めた
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸ ނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢ ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ ͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
. .3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[ , k, d, c] P - BRFූ߸ͷ࠶ੜ੒ ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ ͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2, ) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
cd
q ,
c
q,
d
q , q,
k(2d k 1)/2
q
[ , , , ] - (
) q
( )
c
i 1
,i
i 1,
( ( )
( ) ( 1( ), 2( ), . . . , k(2d k 1)/2( ))
: ( , )
I j
d
q , j [ , , ] -
j j , j , ( )
j , j ,
2
j , . . . ,
k 1
j
d
q , ( )
j
k
j ,
k 1
j , . . . ,
d 1
j
d k
q ( )
j q j ̸ j′
j, j′ j ̸ j′
( )
1,1 1,2 · · · 1,c
2,1 2,2 · · · 2,c
...
...
. . .
...
pi,1 pi,2 · · · pi,c
( )
( ) , , 2, . . . , c 1 ( )
cpi
q
,i
q
. .
[ , , , ] -
q
1, 2, . . . , k
1, 2, . . . , d k
l (l, ) i l
′
i(l
′, )
(l, ) l( , ),
, l , ,
i(l
′, ) l′( i, ),
l′ , i , ( )
( )
1, 2, . . . , k
1, . . . , k, 1, . . . , d k
( )
1
2
...
k
( )
1, 2, . . . , k
1, 2, . . . , k, 1, 2, . . . , d
1, 2, . . . , k, 1, 2, . . . , d k
. .
[ , , , ] - ৘ใ
q
,
, ,
1( , ) 2( , ) · · · k( , )
1( , ) 2 , · · · k( , )
...
...
. . .
...
1( , ) 2( , ) · · · k( , )
,
1( , ) 2( , ) · · · d k( , )
1( , ) 2( , ) · · · d k( , )
...
...
. . .
...
1( , ) 2( , ) · · · d k( , )
(d k) (d k)
, ( )
の 組 を 分
散情報生成行列と呼ぶ．
4.1.3　再生成情報生成行列の定義
　
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શ ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤ ͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ ؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x )ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符 号 の 再 生 成 情
報情報は，前節で定義した分散情報生成
行列と一対一に対応する
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− +1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ ɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼ R͕ ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬ͠ ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ ͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
の元を要素と
する
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk 2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ [n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ ೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ Ͱؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳Ձͱͳ ɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͨͱ͖ɼ
ah(l,m) = al(h, ),
1≤h≤k, 1≤ l≤k, 1≤m c, (54)
b (l′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ ≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
R ߦྻA1, A2, . . . , k, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰ Ԡ͢Δ Fq
ͷݩΛཁૉͱ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm ఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ· ߦྻ C ,Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1( ,m) b2(1,m) · · · bd−k(1, )
b1(2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
個の
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r ,1 r1,2 · · · r1,c
r2,1 r ,2 · · · 2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′( +i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c ( 5)
͕੒ΓཱͭΑ͏ʹ֤ ΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
ˆ
2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆ Δ͜ͱ ɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ Α͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩ ཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2, ) a2(2, ) · · · ak(2, )
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2, ) b2(2, ) · · · bd−k(2, )
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤ O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
対称行列
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n k d, c] P -MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δ ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨ
ID৘ใ ψj ∈ Fdq , 1 j ≤ n͸ɼ[n k, d] P -MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
j , ψj
)⊤
, (49)
ψj =
(
1, j , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
, ϕk+1j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φ ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . . ..
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1 , x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ ෍ͱ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n k d, c] P -MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ 1 A2, . . . , k ͱ d − k ݸͷ k × cߦྻ
1 B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1 h≤k, l≤k, 1≤m c, (54)
bi(l
′,m) = al′(k+i m),
1 l′≤k, 1≤ i≤d−k, 1 m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ ͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
Δͱɼ 1 Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼd ͷߦྻA1, . . . Ak B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ 1 Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
Rͱߦྻ 1 2, . . . Ak 1 B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ 1 A2, . . . Ak 1 B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n k d, c] P -MBRFූ߸ͷ࠶ੜ੒ ৘ใ͸ લ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱ ରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a (2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2( ,m) · · · bd−k(1,m)
b (2,m) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
に基づいて生成される．
Fcdq , V Fcq, W = Fdq X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), 2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
=
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj ,
k+1
j , . . . , ϕ
d 1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙ j, ′ ʹରͯ͠ ϕj ̸= ϕj′ ຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ( ) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ ෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ cߦྻ
B1, B2, . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
h(l,m) = al h,m),
1 h k, l , m≤c, ( 4)
bi(
′,m) = al′(k+i,m),
1 l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− ( − 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸ ߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ Α͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸ ߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻ ҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×d শߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽ Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ ͔Β ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

1(1, ) a2(1,m) · · · ak(1,m)
1(2, ) a2(2,m) · · · ak(2,m)
...
...
. . .
...
1( , ) a2( m) · · · ak(k,m)
 ,
Dm =

b1(1, ) b2(1,m) · · · bd−k(1,m)
b (2, ) b2(2,m) · · · bd−k(2,m)
...
...
. . .
...
b1( , ) b2(k,m) · · · bd−k(k,m)

͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
C Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
を定義するた
めに，分散情報生成行列から定まる行列
Fcdq , V = Fcq, W = Fdq , X Fq, Y Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ ैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l, )ɼBi ͷ l′ ߦ ྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h, ),
1≤h≤k, 1≤ l≤k, 1 m c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . , Ak, B , . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, D , 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k, )
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1, )
b1(2,m) b2(2,m) · · · bd−k(2, )
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k, )

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
を
とおく．このとき，再生成情報生成行列を
と定義する．
注意4.　஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
行列4. k (d k) m (55)
m

a1(k 1, ) · · · a1(d, )
a2(k 1, ) · · · a2(d, )
...
. . .
...
ak(k 1, ) · · · ak(d, )

(54) Cm k k
Tm d d
4.2 [n, k, d, c] - F
[n, k, d, c] P - BRF
4.2.1
φ F n
F
F (φ) (u1, u2, . . . , un) ,
uj
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 j n.(58)
u
(a)
j,h ψ
⊤
j Ah, 1 h k (59)
u
(b)
j,i ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 i d k (60)
4.2.2
1 t |X | DC n
k ψt1 , ψt2 , . . . , ψtk
φ t
xt ∈ X k
f1 : U X wth,t,
1 h k f1
f1(uth , xt)
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
wth,t, 1 h k. (61)
xt
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 t |X | (62)
k wt1,t, wt2,t, . . . , wtk,t
φ(xt) 1 h k
Ah Ah k c (d k) c
Ah
[
Ah
Ah
]
, 1 h k (63)
2.3
k
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
k
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
t DC
k
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 kAhxt kAhxt, 1 h k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 kBlxt, 1 l d k (67)
(66), (67)
DC
1 k
(
k
)−1
DC
k wt1,t, wt2,t, . . . , wtk,t
(67) ( ′k)
−1
Blxt, 1 l d k
(55) Blxt, 1 l d k
Ahxt, 1 h k
DC k
(66) kAhxt
( ′k)
−1
Ahxt, 1 h k
Ahxt Ahxt Ahxt, 1 h k (68)
は式(5 )より，
を満たす．また，式 (54) より
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

ຬͨ͢ɽ·ͨɼࣜ ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻ ͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4. .1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th 2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
は
,
対称行列となるので，再生成情報生成行列
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨ Ahxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
は 対称行列となる． □
4.2　[n, k, d, c] PM-MBRF 符号
　以下では，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, Λެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ t ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪ xt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊ ɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vi i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥε
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符号の
各フェーズについて説明する．
4.2.1　分散情報生成フェーズ
　管理者は，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑Δɽؔ਺ φશମͷू߹Λ F(X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
Δम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ใΛͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮͯੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨తͱͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
を関数
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
D =

a (k + 1,m) · · · a1(d,m)
a (k + 1,m) · · · a2(d,m)
...
. . .
...
a (k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼ Λؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
によって
. k (d k) (55)
m
(k 1, ) · · · 1(d, )
(k 1, ) · · · 2(d, )
...
. . .
...
(k 1, ) · · · k(d, )
(54) k k
d d
. [ , k, d, c] -
[ , k, d, c] -
. .
φ
( ) ( 1, 2, . . . , n) ,
j
(a)
j,1 ,
(a)
j,2 ,. . .,
(a)
j,k ,
(b)
j,1,
(b)
j,2,. . .,
(b)
j,d k ,
1 j .(58)
(a)
j,h j h, 1 k (59)
(b)
j,i j
i
(d k) c
, 1 i d k (60)
. .
1 t | |
k t1 , t2 , . . . , tk
t
t k
f1 : th,t,
1 k f1
f1( th , t)
(a)
th,1 t
,
(a)
th,2 t
, . . . ,
(a)
th,k t
,
(b)
th,1 t
,
(b)
th,2 t
, . . . ,
(b)
th,d k t
th,t, 1 k. (61)
t
(
1, t,
2
t , . . . ,
c 1
t
)
, 1 t | | (62)
k t1,t, t2,t, . . . , tk,t
( t) 1 k
h h k c (d k) c
h
h
h
, 1 k (63)
2.3
k
[
t1 t2 · · · tk
]
(64)
k
[
t1 t2
· · ·
tk
]
(65)
t
k
(a)
t1,h t
(a)
t2,h t
...
(a)
tk,h t
k h t k h t, 1 k, (66)
(b)
t1,l t
(b)
t2,l t
...
(b)
tk,l t
k l t, 1 l d k (67)
(66), (67)
1 k
(
k
) 1
k t1,t, t2,t, . . . , tk,t
(67) ( ′k)
1
l t, 1 l d k
(55) l t, 1 l d k
h t, 1 k
k
(66) k h t
( ′k)
1
h t, 1 k
h t h t h t, 1 k (68)
個
の分散情報に符号化し，各ノードに送信す
る．分散情報を生成する関数
஫ҙ 4. k × (d− k)ߦྻ m ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1 m) · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ T ͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM- BRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
は，次式で
定義される．
ここで，
とおいた．
4.2.2　関数値復元フェーズ
　
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2( + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞Ε ɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
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u
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j,2 ,. . .,u
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j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
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4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ ਺ φ ʹର ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
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xt, . . . , u
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th,k
xt,
u
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th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
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࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
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ψ
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ψ
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· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
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u
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...
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 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

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...
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xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1Α ɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
ɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
に対し，データコレクター
DC は
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓ
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ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸ ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใ ੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
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j,2 ,. . .,u
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j,1,u
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j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
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(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
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4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
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u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
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1 xt, x
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t x
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t
)⊤
, 1 ≤ ≤ |X | (62)
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࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
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ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσ λίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

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(b)
t1,l t
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xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
個のノードの中から
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ؔ਺ อଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ Ͱ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
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োϊʔυͷम ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
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ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
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࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
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ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
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2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノード 
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2( 1, ) · · · a2(d, )
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳ ͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
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4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | 62
ͱ͠ ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
ؔ਺஋෮ݩ৘ใ wt1 t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を任意に選択し，関数
2.3.3 ΦϦδφϧ৘ใ෮ݩϑΣʔζ
͜͜Ͱɼ෼ࢄ৘ใ uj ʹରͯ͠ɼ
uj = (uj,1, uj,2, . . . , uj,d)
⊤ (17)
ͱ͓͘ɽࣜ (13)ͷΦϦδφϧ৘ใߦྻM ͷఆٛΑΓɼ
kݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,k+1 uj1,k+2 · · · uj1,d
uj2,k+1 uj2,k+2 · · · uj2,d
...
...
. . .
...
ujk,k+1 ujk,k+2 · · · ujk,d
 = ΨkD (18)
͕੒Γཱͭɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1
͕ଘࡏ͢Δɽ͕ͨͬͯ͠ɼσʔλίϨΫλʔ DC͸ɼ
ड৴ͨ͠ k ݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ͔Βɼࣜ
(20)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
ͰߦྻDΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ
Ψk =
[
ψ
j1
ψ
j2
· · · ψ
jk
]⊤
(19)
ͱ͓͘ͱɼkݸͷ෼ࢄ৘ใ uj1 , uj2 , . . . , ujk ʹରͯ͠ɼ
uj1,1 uj1,2 · · · uj1,k
uj2,1 uj2,2 · · · uj2,k
...
...
. . .
...
ujk,1 ujk,2 · · · ujk,k
 = ΨkC +ΨkD (20)
͕੒ΓཱͭͷͰɼσʔλίϨΫλʔDC͸ɼٻΊͨߦ
ྻD͔Β ΨkDΛܭࢉ͢Δ͜ͱͰɼ
u′j1,1 u
′
j1,2
· · · u′j1,k
u′j2,1 u
′
j2,2
· · · u′j2,k
...
...
. . .
...
u′jk,1 u
′
jk,2
· · · u′jk,k
 = ΨkC (21)
ΛऔΓग़͢͜ͱ͕Ͱ͖ΔɽΑͬͯɼ͜ͷߦྻʹࠨ͔Β
(Ψ′k)
−1Λ৐͡Δ͜ͱͰߦྻ C ΛҰҙʹܭࢉ͢Δ͜ͱ
͕Ͱ͖ΔɽҎ্ΑΓɼσʔλίϨΫλʔDC͸ΦϦδ
φϧ৘ใΛ෮ݩͰ͖Δɽ
2.3.4 ࠶ੜ੒ϑΣʔζ
࠶ੜ੒ϑΣʔζͰ͸ɼ৽نϊʔυ ψi ʹબ୒͞Εͨ
dݸͷϊʔυ ψil , 1 ≤ l ≤ d͕ɼͦΕͧΕ࠶ੜ੒৘ใ
f (uih , ψi) = u
⊤
ih
ψi = vih,i, 1 ≤ h ≤ d (22)
Λܭࢉ͠ɼ৽نϊʔυʹૹ৴͢Δɽ͜ͷͱ͖ɼ
(vi1,i, vi2,i, . . . , vid,i)
⊤ = ΨdMψi (23)
͕੒Γཱͭɽ·ͨɼߦྻ Ψd ʹ͸ٯߦྻ Ψ−1d ͕ଘࡏ
͠ɼࣜ (23)ͷࠨลͷࠨ͔ΒΨ−1d Λ৐͡Δ͜ͱͰMψi
͕Ұҙʹఆ·ΔɽߦྻM ͕ରশߦྻͰ͋Δ ͱ͔Βɼ
Mψi = ψ
⊤
i M = u
⊤
i (24)
͕੒ཱ͢Δɽ͢ͳΘͪɼϊʔυ ψi ͷम෮͕Ͱ͖Δɽ
3 म෮Մೳͳؔ਺༻෼ࢄετϨʔδํࣜͱ
ؔ਺༻࠶ੜ੒ූ߸
ຊষͰ͸ɼम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚ΔΦ
Ϧδφϧ৘ใ sΛؔ਺φ : X → Y ʹ֦ுͨ͠ํࣜΛߟ
͑ ؔ਺ φશମͷू߹Λ F X ,Y)ͱ͠ɼF(X ,Y),
X , Y ͸શͯ༗ݶू߹Ͱ͋Δͱ͢Δɽؔ਺ φ(·)ʹର͢
म෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ͠
ͯɼF(X ,Y)ΛΦϦδφϧ৘ใͷू߹ͱͨ͠म෮Մೳ
ͳ෼ࢄετϨʔδํ͕ࣜߟ͑ΒΕΔɽ͜ͷํࣜͰ͸ؔ
਺΁ͷೖྗ x ∈ X ʹର͢Δؔ਺஋ φ(x) ∈ YΛ஌Γͨ
͍ར༻ऀΛσʔλίϨΫλʔͱ͢ΔͱɼσʔλίϨΫ
λʔ͕෼ࢄ৘ใΛ kݸूΊΔ͜ͱͰؔ਺ࣗମ͕෮ݩͰ
͖ΔͷͰɼ෮ݩͨؔ͠਺ φ(·)ͱೖྗ஋ x͔Βؔ਺஋
φ(x)͕ܭࢉͰ͖Δɽ͔͠͠ɼ্هͷࣗ໌ͳํ๏Ͱ͸ؔ
਺஋ φ(x)Λ஌Γ͍ͨσʔλίϨΫλʔ͕ؔ਺ φ(·)Λ
ಘΔ͜ͱʹͳΔͷͰɼͦͷଞͷೖྗ x′ʹର͢Δؔ਺஋
φ(x′)΋ܭࢉͰ͖ͯ͠·͏ɽݤ഑ૹํࣜʹ͓͚Δݤ഑
ૹηϯλʔͷػೳΛ෼ࢄ͢ΔͨΊʹ͸ɼ֤ݤ഑ૹηϯ
λʔʹؔ਺ࣗମͷ৘ใ͕ӮΕͳ͍Α͏ʹؔ਺஋ͷΈΛ
༩͑Δඞཁ͕͋ΔͷͰɼ͜ͷΑ͏ͳΞϓϦέʔγϣϯ
͸্هͷࣗ໌ͳํ๏Ͱ͸࣮ݱͰ͖ ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼ্هͷΑ͏ͳΞϓϦέʔγϣϯ
Λߟྀͨ͠म Մೳͳ෼ࢄετϨʔδํࣜͷϞσϧΛ
৽ͨʹఏҊ͢Δɽ۩ମతʹ͸ɼؔ਺஋ φ(x)Λ஌Γͨ
͍σʔλίϨΫλʔʹ෼ࢄ৘ ͦͷ··ૹΔͷͰ͸
ͳ͘ɼ෼ࢄ৘ใͱೖྗ஋ xʹج͍ͮ ੜ੒ͨؔ͠਺஋
෮ݩ৘ใΛϊʔυ͕ܭࢉ͠ɼσʔλίϨΫλʔ΁ૹΔ
ϞσϧΛ৽ͨʹఆٛ͢Δɽ͜ͷϞσϧ͸ɼൿີؔ਺෼
ࢄ๏ [7, 8, 9]ͷϞσϧʹྨࣅ͍ͯ͠Δɽ
3.1 ؔ਺ͷอଘΛ໨త ͨ͠म෮Մೳͳ෼ࢄετϨʔ
δํࣜ
F(X ,Y)ʹଐ͢Δؔ਺ φ : X → Y ͷอଘΛ໨తͱ
ͨ͠म෮Մೳͳ෼ࢄετϨʔδํࣜͰ͸ɼnݸͷϊʔυ
ͱσʔλίϨΫλʔDCʹΑͬͯߏ੒͞ΕΔɽ·ͨɼ֤
ϊʔυͷ ID৘ใશମͷू߹ΛN = {ψ1, ψ2, . . . , ψn}
ͱ͠ɼؔ਺ φ͸ F(X ,Y)্ͷҰ༷෼෍ʹैͬͯൃੜ
͢Δ΋ͷͱ͢Δɽຊ࿦จͰ͸ɼؔ਺ͷอଘΛ໨తͱ͠
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-MBR
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj =
(
1, j ,
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
r2,1 r2,2 · · · r2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 (52)
ͱ͓͘ͱɼؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ͢ ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φͷ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉΛ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l,m) = al(h,m),
1≤h≤k, 1≤ l≤k, 1≤m≤c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
Δͱ Aˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , k, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
Aˆ2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1 B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ͷΑ͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒ ੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻTm, 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1,m) a2(1,m) · · · ak(1,m)
a1(2,m) a2(2,m) · · · ak(2,m)
...
...
. . .
...
a1(k,m) a2(k,m) · · · ak(k,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
b1(2,m) b2(2,m) · · · bd−k(2, )
...
...
. . .
...
b1(k,m) b2(k,m) · · · bd−k(k, )

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤ O(d−k)×(d−k
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
Fcdq , V = Fcq, W = Fdq , X = Fq, Y = Fk(2d−k+1)/2q
ͱ͓͘ɽ[n, k, d, c] PM-MBRFූ߸Ͱ͸ɼk(2d−k+
1)/2ݸͷ Fq ্ͷ c− 1࣍ଟ߲ࣜ
Pm(x) =
c∑
i=1
rm,ix
i−1,
1 ≤ m ≤ k(2d− k + 1)/2 (48)
͔Βఆ·Δؔ਺
φ(x) = (P1(x), P2(x), . . . , Pk(2d−k+1)/2(x))⊤ ∈ Y
ͷอଘΛ໨తͱ͢Δɽ͢ͳΘͪɼ্هͰఆٛ͞ΕΔؔ
਺ φ : X → Y શମͷू߹͕ F(X ,Y)ͱͳΔɽ·ͨɼ
ID৘ใ ψj ∈ Fdq , 1 ≤ j ≤ n͸ɼ[n, k, d] PM-M R
ූ߸ͱಉ༷ʹɼ
ψj =
(
ψj , ψj
)⊤
, (49)
ψj
(
1, ϕj , ϕ
2
j , . . . , ϕ
k−1
j
)⊤ ∈ Fdq , (50)
ψ
j
=
(
ϕkj , ϕ
k+1
j , . . . , ϕ
d−1
j
)⊤ ∈ Fd−kq (51)
ͱ͢Δɽͨͩ͠ɼϕj ∈ Fq ͸ 0Ҏ֎ͷ஋Ͱɼj ̸= j′Λ
ຬͨ͢೚ҙͷ j, j′ ʹରͯ͠ ϕj ̸= ϕj′ Λຬͨ͢Α͏ʹ
ఆΊΔɽ
͜͜Ͱɼπ = k(2d− k+1)/2ͱ͠ɼؔ਺ φͷ܎਺
͔Βఆ·ΔߦྻΛ
R =

r1,1 r1,2 · · · r1,c
2,1 2,2 · · · 2,c
...
...
. . .
...
rpi,1 rpi,2 · · · rpi,c
 52)
ͱ͓͘ͱ ؔ਺ φ͸ɼ
φ(x) = R
(
1, x, x2, . . . , xc−1
)⊤
(53)
ͱॻ͚Δɽ·ͨɼπ× cߦྻRͷ෼෍ΛɼFcpiq ্ͷҰ
༷෼෍ͱ Δɽ͢ͳΘͪɼߦྻ Rͷ֤ཁૉ rm,i͸ޓ
͍ʹಠཱʹ Fq ্ͷҰ༷෼෍ʹैͬͯੜى͢ΔɽΑͬ
ͯɼߦྻ R͕ఆ·Δ͜ͱͰؔ਺ φ͕Ұҙʹఆ·Δ͜
ͱΑΓɼߦྻ Rͷ෼෍ͱؔ਺ φ ෼෍͸౳ՁͱͳΔɽ
4.1.2 ෼ࢄ৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ෼ࢄ৘ใ͸ɼߦྻ R
ͱҰରҰʹରԠ͢Δ Fq ͷݩΛཁૉͱ͢Δ k ݸͷ
d × cߦྻ A1, A2, . . . , Ak ͱ d − k ݸͷ k × cߦྻ
B1, B2, . . . , Bd−k ʹج͍ͮͯੜ੒͞ΕΔɽͨ ͩ͠ɼAh
ͷ lߦmྻͷཁૉ ah(l,m)ɼBi ͷ l′ ߦmྻͷཁ
ૉΛ bi(l′,m) ͱͨ͠ͱ͖ɼ
ah(l, ) al(h,m),
1 h k, 1 l k, 1≤m c, (54)
bi(l
′,m) = al′(k+i,m),
1≤ l′≤k, 1≤ i≤d−k, 1≤m≤c (55)
͕੒ΓཱͭΑ͏ʹ֤ߦྻΛఆΊΔɽ͜͜ͰɼAˆhΛAh
ͷ্͔Β h− 1ߦΛআ͍ͨ d− (h− 1)× cߦྻͱ͢
ΔͱɼAˆ1, Aˆ2, . . . , Aˆkͷཁૉ͸શͯಠཱʹఆΊΒΕΔɽ
͕ͨͬͯ͠ɼdݸͷߦྻA1, . . . , Ak, B1, . . . , Bd−kʹ
͓͍ͯಠཱͳཁૉ਺͸ ck(2d − k + 1)/2ݸͱͳΔͷ
Ͱɼߦྻ Rʹରͯ͠ɼ
R =

Aˆ1
2
...
Aˆk
 (56)
Λຬͨ͢Α͏ʹ Aˆ1, Aˆ2, . . . , AˆkΛఆΊΔ͜ͱͰɼߦྻ
RͱߦྻA1, A2, . . . , Ak, B1, B2, . . . , Bd−k͕౳Ձʹ
ͳΔɽຊ࿦จͰ͸ɼ͜ Α͏ʹͯ͠ߦྻR͔ΒఆΊͨ
dݸͷߦྻ A1, A2, . . . , Ak, B1, B2, . . . , Bd−k ͷ૊Λ
෼ࢄ৘ใੜ੒ߦྻͱݺͿɽ
4.1.3 ࠶ੜ੒৘ใੜ੒ߦྻͷఆٛ
[n, k, d, c] PM-MBRFූ߸ͷ࠶ੜ੒৘ใ৘ใ͸ɼલ
અͰఆٛͨ͠෼ࢄ৘ใੜ੒ߦྻͱҰରҰʹରԠ͢Δ Fq
ͷݩΛཁૉͱ͢Δ cݸͷd×dରশߦྻT , 1 ≤ m ≤ c
ʹج͍ͮͯੜ੒͞ΕΔɽTm Λఆٛ͢ΔͨΊʹɼ෼ࢄ
৘ใੜ੒ߦྻ͔Βఆ·Δߦྻ Cm, Dm, 1 ≤ m ≤ cΛ
Cm =

a1(1, ) a2(1,m) · · · ak(1,m)
1(2, ) 2(2, ) · · · (2, )
...
...
. . .
...
a k a k ak( ,m)
 ,
Dm =

b1(1,m) b2(1,m) · · · bd−k(1,m)
1(2, ) 2(2, ) · · · (2, )
...
...
. . .
...
b1(k, ) b2(k,m) · · · bd−k(k,m)

ͱ͓͘ɽ͜ͷͱ͖ɼ࠶ੜ੒৘ใੜ੒ߦྻΛ
Tm =
[
Cm Dm
D⊤m O(d−k)×(d−k)
]
, 1 ≤ m ≤ c (57)
ͱఆٛ͢Δɽ
஫ҙ 4. k × (d− k) ࣜ (55)ΑΓɼ
Dm =

a1( + · · a1(d,m)
a2(k + 1, ) · · · a2(d, )
. . ...
a (k + 1,m) · · k

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm d d শߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸ ϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙ બ୒͠ ؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β ( ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻD ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒ ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴ ɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n (58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊ υ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺ ෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱ ߟ͑Δɽ1 ≤ h k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δ ɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ 6), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d− ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
(66)ͷࠨลΛऔΓग़͠ɼΨk hxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ T ͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใ ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫ ʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒ ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱ ࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ ड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , tk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
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に対する時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
における入力値
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
ʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を
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࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩ ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノードは関数
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙ બ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k −1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を用いて関数値復元情報
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×c ྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙ ܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔ ίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬ ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ ৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ Ͱఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔ ίϨΫλʔ DC ͸ n
ݸ ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , t2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ Ͱ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
t =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔ ίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔ ίϨΫλʔDCͷط஌৘ใ ͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔ ίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k Ұҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ ड৴ͨ͠ kݸͷؔ਺஋෮ݩ ͔Βɼ
ࣜ (66)ͷࠨล औΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
をそれぞれ生成する．関
数
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 u
(a)
j,2 . . .,u
(a)
j,k ,u
(b)
j,1 u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚ ೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ
͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
は，次式で定義される．
ここで，
とした．
次に，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の関数値復元情報
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
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؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
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⊤
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⊤
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ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
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 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
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͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
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ݸ ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , t2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
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4.2.2 ؔ਺஋෮ݩϑΣʔζ
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೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
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u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσ λίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢ ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
と
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ͷ t1 , t2 , . . . , tk
t
t
1 : th,t,
1
1( th t)
( )
th,1 t
,
( )
th,2 t
, . . . ,
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Δ
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をそれぞれ
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚ ೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) = u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, t, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, t2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, t2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
行列，
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ ( 5)ΑΓɼ
Dm =

a1(k + 1,m) · a1(d,m)
a2(k + 1,m) · a2(d,m)
...
. . .
...
ak(k + 1,m) · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 , .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2 .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚ ೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
=
(
1, xt, x
2
t , . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢ ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×c ྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 t2 · ψtk
]⊤
(64)
Ψk =
[
ψ
t1 t2
· ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = k hxt +ΨkAhxt, 1 ≤ h ≤ k, ( 6)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ ( 6), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ ( 5)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔ ίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ ( 6)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
行列とし，
とおく．また，2.3 節と同様に，
とすると，時刻
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼ ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹ બ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸ ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
でデータコレクター DC 
が受信する
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ τϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊ ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜ ࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ Ε ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ( )Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
ࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の関数値復元情報に対し
て，
が成り立つ．ここで，式 (66), (67) の左辺の
各要素が，データコレクター DC の既知情
報となることに注意する．注意 1 より，行
列
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, , d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2 2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸ ؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Β
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
には逆行列
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ ( 5)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ ৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใ ੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · ·
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, ( 6)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlx , 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ ( 6), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ ͕Ͱ͖
Δɽ·ͨɼࣜ ( 5)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ ( 6)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
が存在するので，
データコレクター C は，受信した
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ ނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒ ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣ τϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の
関数値復元情報
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak( + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙ બ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
h,k
xt,
u
(b)
th,1
xt, u
b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ ΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ Ͱ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
から，
式 (67) の左辺を取り出し，左から
஫ҙ 4. k × (d− k ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

1( 1, ) · · · 1(d, )
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j 2,. . ,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱ ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
( )
t1,h t
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

(b)
t1,l t
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨล ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱ ஫
ҙ ɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 l ≤ d−k ΛҰҙ ܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を乗じることで
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣ ζ
؅ཧऀ͸ɼؔ਺ φΛؔ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ ؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
ΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ ஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAh ͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ ɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใ ରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 h ≤ k, (66)

u
(b)
t1,l t
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨล औΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を一意
に計算することができる．また，式 (55) よ
り，
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ n ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞Ε ɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . . u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkA xt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ A xt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
から
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · 1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ n ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δ F ఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1 u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ϑΣʔζ
1 ≤ ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k 63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ ʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d, )
...
. . .
...
ak(k + 1, ) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ C ͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] P -MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM- BRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
ؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ . (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1, , wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱ ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ Ψk
)−1͕
ଘࡏ͢ΔͷͰ σʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1 ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′ )−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
が一意に定まるので，データコレク
ター DC は，受信した k 個の関数値復
元情報から，式 (66) の左辺を取り出し，
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φ ؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, 2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j 2,. . .,u
(b)
j d−k
)⊤
,
≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ෮ݩϑΣʔζ
1 ≤ t ≤ | | ʹର͠ɼσʔλίϨΫλ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt = 1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱ ࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Β ࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を減じて，左から
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻ (d−k)×c
ߦྻͱ͠ɼ
h =
[
Ah
Ah
]
, k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1 2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸ ؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़ ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
を乗じる
ことで
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣ ζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = ( 1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ σʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸ ϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒ ɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t |X | (62)
ͱͨ͠
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑ ɽ1 ≤ h ≤ k
ʹରͯ͠ AhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
͢Δͱ ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l t
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·Δ ͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡ Ͱ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
)
を一意に計算する
ことができる．以上の結果から，
が得られ，式 (56) と͕ಘΒΕɼࣜ ͱ ˆ , 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の定義
より
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλ DC ͸ n
ݸͷϊ υͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1 t
, u
(b)
th,2
xt . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDC ط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓ ߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ ड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ wt1,t, wt2,t . . . , wtk,t ͔Βɼࣜ
67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷ ลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d, )
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ ྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴ ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞Ε
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞Ε ɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt = 1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸ ؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
k ؔ਺஋෮ݩ৘ใ ରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
x
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱ ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ 55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un ,
uj = u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔ , t2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢ t ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= w ,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = Ψ Ahxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
ɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k Ұҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
k , · · · k ,

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × k শߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k 9
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯ ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
( )
tk, t
 ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, 6

u
(b)
t1,l
xt
u
(b)
t2,l
xt
..
( )
tk,l t
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
(67)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ ΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1 d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ C k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
͜͜Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ kΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
h,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ xt)Λ෮ݩ͢ ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ɼAhͱAhΛͦ k cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
Ψk =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
tk,l
xt

 ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλʔDC ط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢Δɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢Δ ͰɼσʔλίϨΫλʔ DC ͸ɼड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
7)ͷࠨลΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐͡Δ͜ͱ
Ͱ Blxt, 1 ≤ l ≤ d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ· ͷͰ σʔλίϨ
Ϋλ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
஫ҙ 4. k × (d− k)ߦྻDm ͸ࣜ (55)ΑΓɼ
Dm =

a1(k + 1,m) · · · a1(d,m)
a2(k + 1,m) · · · a2(d,m)
...
. . .
...
ak(k + 1,m) · · · ak(d,m)

Λຬͨ͢ɽ·ͨɼࣜ (54)ΑΓ Cm͸ k × kରশߦྻ
ͱͳΔͷͰɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm͸ d× dରশߦ
ྻͱͳΔɽ ˘
4.2 [n, k, d, c] PM-MBRFූ߸
ҎԼͰ͸ɼ[n, , d, c] PM-MBRF ූ߸ͷ֤ϑΣʔ
ζʹ͍ͭͯઆ໌͢Δɽ
4.2.1 ෼ࢄ৘ใੜ੒ϑΣʔζ
؅ཧऀ͸ɼؔ਺ φΛؔ਺ F ʹΑͬͯ nݸͷ෼ࢄ৘
ใʹූ߸Խ͠ɼ֤ϊʔυʹૹ৴͢Δɽ෼ࢄ৘ใΛੜ੒
͢Δؔ਺ F ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
F (φ) = (u1, u2, . . . , un) ,
uj =
(
u
(a)
j,1 ,u
(a)
j,2 ,. . .,u
(a)
j,k ,u
(b)
j,1,u
(b)
j,2,. . .,u
(b)
j,d−k
)⊤
,
1 ≤ j ≤ n.(58)
Ͱɼ
u
(a)
j,h = ψ
⊤
j Ah, 1 ≤ h ≤ k (59)
u
(b)
j,i = ψ
⊤
j
[
Bi
O(d−k)×c
]
, 1 ≤ i ≤ d−k (60)
ͱ͓͍ͨɽ
4.2.2 ؔ਺஋෮ݩϑΣʔζ
1 ≤ t ≤ |X | ʹର͠ɼσʔλίϨΫλʔ DC ͸ n
ݸͷϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ
೚ҙʹબ୒͠ɼؔ਺ φ ʹର͢Δ࣌ࠁ t ʹ͓͚Δೖྗ
஋ xt ∈ X Λ֤ϊʔυ΁ૹ৴͢Δɽkݸͷϊʔυ͸ؔ
਺ f1 : U × X → W Λ༻͍ͯؔ਺஋෮ݩ৘ใ wth,t,
1 ≤ h ≤ ΛͦΕͧΕੜ੒͢Δɽؔ਺ f1 ͸ɼ࣍ࣜͰ
ఆٛ͞ΕΔɽ
f1(uth , xt) =
(
u
(a)
th,1
xt, u
(a)
th,2
xt, . . . , u
(a)
th,k
xt,
u
(b)
th,1
xt, u
(b)
th,2
xt, . . . , u
(b)
th,d−kxt
)⊤
= wth,t, 1 ≤ h ≤ k. (61)
͜͜Ͱɼ
xt =
(
1, xt, x
2
t , . . . , x
c−1
t
)⊤
, 1 ≤ t ≤ |X | (62)
ͱͨ͠ɽ
࣍ʹɼk ݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t
͔Βؔ਺஋φ(xt)Λ෮ݩ͢Δ͜ͱΛߟ͑Δɽ1 ≤ h ≤ k
ʹରͯ͠ AhͱAhΛͦΕͧΕ k×cߦྻɼ(d−k)×c
ߦྻͱ͠ɼ
Ah =
[
Ah
Ah
]
, 1 ≤ h ≤ k (63)
ͱ͓͘ɽ·ͨɼ2.3અͱಉ༷ʹɼ
k =
[
ψt1 ψt2 · · · ψtk
]⊤
(64)
Ψk =
[
ψ
t1
ψ
t2
· · · ψ
tk
]⊤
(65)
ͱ͢Δͱɼ࣌ࠁ tͰσʔλίϨΫλʔDC͕ड৴͢Δ
kݸͷؔ਺஋෮ݩ৘ใʹରͯ͠ɼ
u
(a)
t1,h
xt
u
(a)
t2,h
xt
...
u
(a)
tk,h
xt
 = ΨkAhxt +ΨkAhxt, 1 ≤ h ≤ k, (66)

u
(b)
t1,l
xt
u
(b)
t2,l
xt
...
u
(b)
k l
xt
 = ΨkBlxt, 1 ≤ l ≤ d−k (67)
͕੒Γཱͭɽ͜͜Ͱɼࣜ (66), (67) ͷࠨลͷ֤ཁૉ
͕ɼσʔλίϨΫλ DCͷط஌৘ใͱͳΔ͜ͱʹ஫
ҙ͢ ɽ஫ҙ 1ΑΓɼߦྻΨkʹ͸ٯߦྻ
(
Ψk
)−1͕
ଘࡏ͢ΔͷͰɼσʔλίϨΫλʔ DC ͸ ड৴ͨ͠
kݸͷؔ਺஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,t ͔Βɼࣜ
67) ΛऔΓग़͠ɼࠨ͔Β (Ψ′k)−1Λ৐ Δ͜ͱ
Blxt, 1 ≤ l d−k ΛҰҙʹܭࢉ͢Δ͜ͱ͕Ͱ͖
Δɽ·ͨɼࣜ (55)ΑΓɼBlxt, 1 ≤ l ≤ d−k ͔Β
Ahxt, 1 ≤ h ≤ k ͕Ұҙʹఆ·ΔͷͰɼσʔλίϨ
Ϋλʔ DC͸ɼड৴ͨ͠ kݸͷؔ਺஋෮ݩ৘ใ͔Βɼ
ࣜ (66)ͷࠨลΛऔΓग़͠ɼΨkAhxt Λݮͯ͡ɼࠨ͔
Β (Ψ′k)−1 Λ৐͡Δ͜ͱͰ Ahxt, 1 ≤ h ≤ k ΛҰҙ
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ͷ݁Ռ͔Βɼ
Ahxt = Ahxt +Ahxt, 1 ≤ h ≤ k (68)
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関数の保存を目的とした故障ノード修復可能な分散ストレージ方式における修復帯域幅を最小とする再生成符号の一構成法
が定まる．この一連の計算が関数
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
となる．
4.2.3　再生成フェーズ
　新規ノード
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ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
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Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
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͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
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఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
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(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
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2
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ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
に選択された
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ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹ ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
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Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
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ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
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෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個のノー
ド
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [ ], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i m൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
dT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi) = ψ
⊤
i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52) ߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
は記憶している分散情報
と関数
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59 , (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m],
(a)
j,2 [ ], . . . , u
(a)
j,k [m],
u
(b)
j,1[m],
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱ ؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, j [2] i, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢ ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 j d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, j [2] i, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨ ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ ( 5), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼ BRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
を用いて，再生成情
報
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . ,
(a)
j,k [ ],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ij 1 i, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
d 1 i ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d Ψd i = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ ৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52) ߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
をそれぞれ生成する．こ
こで，
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣ ζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱͯ͠ Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i m൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . ,
(a
j,k [ ],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢ ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱ ߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
dT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ ͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi) = ψ
⊤
i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] P -MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52) ߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
に対して，式 (59), (60) で
定義した
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε (a)j,h[ ], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
(a)
j,1 [ ], u
(a)
j,2 [m], . . .
a
,k
(b)
j,1[ ], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = ( j [1] i, uj 2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = ( j [1] i, uj [2] i, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d Ψd i = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ ৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (α , γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] P -MBRFූ߸͸ɼ(
α , γMBRF
)
=
(
2cd log |Y|
k(2d− + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
及び
[
, k
の
,
(
番目の要素を
それぞれ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε a)h[ ], u(b)j,i [ ]ͱ͠ɼ
uj [m] =
(
1 u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
(b)
j,1[ ], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = ( j 1] i, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijT = uij [m], 1 j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = ( j [1] , uj [2]ψi, . . . , uj [c]ψi)
=
(
ψ⊤ijT1 i, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱ 2.3અͱಉ༷ʹɼ
Ψd =
[
i1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻ ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d Ψd = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ ৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i T , 1 ≤ m ≤ c (77)
੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM- ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM- ූ߸͕ɼMBRF
఺ (α , γMBRF)Λୡ੒͢Δ [n, k, d c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] P -MBRFූ߸͸ɼ(
α , γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1) (78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck( d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ ͦΕͧΕ Fk( d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk( d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
,
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i m൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i 2 , . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2] , . . . , uj [c]ψi)
⊤
=
(
ij 1 i, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
1 ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻ ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
ܭࢉͰ͖Δɽ·ͨɼ࠶ ৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(T ψi) = ψ
⊤
i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c ( 7)
͕ Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), ( 7)ΑΓɼd
ݸ ࠶ੜ੒ ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] RFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52) ߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ ͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = F (2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
とし，
とおくと，関数
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
ˆ
2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε (a),h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸ ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕ ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢Δ Ͱɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉ ͖ ɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MB Fූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍ ɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ ͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk( −k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
は，次式で定義される．
よって，新規ノード
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [ ], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰ
Ψ−1d Ψ Tmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ ৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
に選択されたノー
ド
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽ن i ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTm i, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c 6
͕ܭࢉ ͖ ɽ·ͨɼ࠶ੜ੒৘ใ ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞ ͨ dݸͷϊʔυ ψid , 1 ≤
j d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
༻͍ͯɼ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ ͜Ͱɼ ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ ͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ ͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c 6
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] P -MBRFූ߸͕ɼMBRF
఺ (αMBRF, γ BRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] P -MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] P -MBRFූ߸͸ɼఆཧ 1ͷ
は，記憶している分散情
報から，
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵ ͦΕͧΕܭࢉ͢Δ͜
ͱ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · dTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱ ɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, , d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1) (78)
Λୡ੒͢Δ n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳ ͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j, [m], u
a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ ৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹ dݸ ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d 73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ Ұ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
(2d− k ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52) ߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱ ٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
を取り出し，
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦ ͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ ×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰ ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ (76)
͕ܭࢉͰ͖ ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] (X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
との積をそれぞれ計算することで再生
成情報
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱ 1 ≤ ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j, [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ T ͷ
ఆٛ ٴͼࣜ (70)Α ɼ
ψ⊤ijTm = ij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ 5 ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ͧΕ৐͡Δ͜ͱͰ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨ ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k d, c] PM-M Fූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] P -MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, , , c] PM-MBRFූ߸͸(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d− +1)/2q ΑΓɼ
H(Yt) =
(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
を得る．
　次に，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
Αͬ Ұ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬ
৔߹Ͱ΋ ਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ ͍ͯ ͹ɼ
ͦΕΒͷϊʔυ ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨ ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ί ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘ ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใ ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ ݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ Ͱ Kerberos౳
ݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ ͨʹఆٛ͢Δɽ࣍ʹ ఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষ ·ͱΊΔ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の再生成情報
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ G ͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vi ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ 59), (60)
Ͱఆٛͨ͠ u(a)j,h ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
j [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢ ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm uij [m], 1 ≤ ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ij 2 i, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱ 2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vi ,i
=
[
ΨdT1ψi d 2 i · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷ ͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi) = ψ
⊤
i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k 1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣ ζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , u [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tm
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒ ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c औΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ͧΕ৐͡Δ͜ͱͰ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ [n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF γMBRF)Λୡ੒͢ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2 d log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ R ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
から分散情報
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ Ұ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣ ζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [ ] . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m] . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2] i, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi ,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57) Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2 ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d 73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢Δ Ͱɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒ ͔Βࣜ (75) ߦྻͷ֤෦෼ߦྻ
d i, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙ ఆ·Δɽ
͜ Ұ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, , , c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
を生成することを考え
る．式 (57) の
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ Gͱͳ ɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i m൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[ ], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ ≤ d. (7 )
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [ ], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ ( ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j d, 1 ≤ m ≤ c (7 )
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
Εͧ ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ ৘ใੜ ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1) (78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52) ߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋ ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の定義，及び式 70) より，
が成り立つので，
となる．ここで，2.3 節と同様に，
とおくと，d 個の再生成情報を縦に並べた
と 表 す こ と が で き る． 注 意 1 よ り， 行
列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . , ψ
⊤
ijTc i
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱ dݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
= ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰ ৽نϊʔυ i ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡ ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c 6
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1
m c͕ରশߦྻͰ͋ ͜ͱ͔Βɼ
Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ ৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM- BRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F X , )-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ . [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k 2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
に は 逆 行 列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞ ͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
༻ ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜ Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m] u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
(b)
j, [ ],
(b)
j, [ ], . . . ,
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2] i, . . . , uj [c]ψi)
⊤
vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd = ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c औΓग़͠ ࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ [n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
が 存 在 す る の
で，新規ノード
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜ ɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱ ٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
b)
j,1 m] u
(b
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜ ఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞ ͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Β uj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ , 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
は受信した
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
ͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
n ͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ ετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ d ނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
ྔ͕࠷খͱͳΔͱ͖ʹम෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒
ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
๏͕ఏҊ͞Ε͍ͯΔ [7, 8, 9]ɽ͜ͷํࣜ͸͖͍͠஋ൿ
ີ෼ࢄ๏ [10]ʹ͓͚Δൿີ৘ใΛؔ਺ʹ֦ுͨ͠ํࣜ
Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
ͯར༻ऀ΁ૹ৴͢Δɽར༻ऀ͸ kݸͷؔ਺஋෮ݩ৘ใ
͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の再
生成情報から式 (75) の行列の各部分行列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞ ͨ dݸͷϊʔυ ψid
j d͸هԱ͍ͯ͠Δ෼ࢄ ͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ
j
1 j d ͦΕͧΕੜ
ɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ ཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [ ]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [ ], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[ ]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = ( j [1]ψi, uj [2]ψi, . . . , j [c] i)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱ ߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m c (72)
͕੒ΓཱͭͷͰ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2 i, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱ dݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ͧΕ৐͡Δ͜ͱͰ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i
⊤
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭ ࣜ (75), 76), (77) d
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MB ූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
c l | |
( )
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, , d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
を取り出し，左から
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ G ͳ ɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ ≤ dΛͦΕͧΕੜ
੒͢Δɽ ͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ ࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c] i)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1
j ≤ ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵ ͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ ͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ ɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 Α ɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75 ͷߦྻͷ֤෦෼ߦྻ
Ψ Tmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Β
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), 77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[ , k, d, c] - R ͕ MBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] P -MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ ɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] P -MBRFූ߸͸ɼఆཧ 1ͷ
をそれぞれ乗じることで，
が計算できる．また，再生成情報生成行列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m],
(a)
j,2 [ ], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2] i, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱ dݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ ×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m c औΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ Ͱɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(T ψi)
⊤
= ψ⊤i T
⊤
m
= ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ [n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, , c] PM- RFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1) (78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d− +1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4 2 3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻ ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] = u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ Δɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c] i)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢ ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2] i, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi) = ψ
⊤
i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), ( 6), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] P - BRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷ ౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
が対称行列であることか
ら，
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i m൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱ ؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
= ij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼ j [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱ ੵΛͦΕͧΕܭࢉ͢Δ͜
Ͱ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57) Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d m c (72)
͕੒Γཱͭ Ͱɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, ψ
⊤
ijTcψi
)⊤
,
1 ≤ j d (73)
ͱͳΔɽ͜͜Ͱ 2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
4)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTc
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ ݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻ ͋ ͜ͱ͔Β
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ⊤Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2c log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋ ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ Ұ༷෼෍ ͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷ ɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣ ζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ ≤ cʹର͠ ࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ 2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . j [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯ ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ ৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT ψi, ψ
⊤
ijT i, . . . , jTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ .3અͱಉ༷ ɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c 7)
͕੒Γཱͭɽͨ͠ ͬͯɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] - RFූ߸͕ɼ BRF
఺ (αMBRF, γMBRF) [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d k + 1)
,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] (X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ R ͱ (X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d− +1)/2q ΑΓɼ
H(Yt)
k(2d− k + 1) log q
2
= log |Y| (79)
ͳΔͷͰɼ[n, k, d, c] PM-MB ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ ( )j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
(a)
j,1 [ ],
(a)
j,2 [ ], . . . ,
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m] ,
1 ≤ m ≤ c (70)
ͱ͓͘ͱ ؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= v
j ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57) Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
ij ,i (uj [1]ψi, uj [2]ψi, . . . , j c i)
=
(
ψ⊤ijT1ψi,
⊤
j
T2ψi, . . . , ψijTcψi
)⊤
,
1 j ≤ d (73)
ͱͳΔɽ͜͜Ͱ 2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=[ ΨdT1ψi ΨdT2ψi · · · cψi ] (75)
ͱද͢ ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͷͰɼ৽نϊʔυ i ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻ ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡ ͜ͱͰɼ
Ψ−1d ΨdTmψi Tmψi, 1 ≤ m ≤ c 6
ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋ ͜ͱ ࣔ͢ɽ
ఆཧ 2. [n, k d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2c log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t |X |͸ ͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼ ͱͳ
Δɽ͕ͨͬͯ͠ɼY = k(2d−k+1)/2q ΑΓɼ
H(Yt) =
k + 1) log q
2
= log | | (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ij 2 i, . . . , ψ
⊤
ij
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱ 2.3અͱಉ༷ʹɼ
d =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͠ ͬͯɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε (a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij , , 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ Λߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒Γཱͭ Ͱɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ij 2 i, . . . , ψ
⊤
ij i
)⊤
,
1 ≤ j ≤ d (73)
ͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱ ٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ ΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
ˆ
2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷ ൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯ ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tm
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒Γཱͭͷ ɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2 d log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] (X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦ Rͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2 − k + 1) log q
2
= log |Y| (79)
ͱͳΔͷ ɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊ υ ψid , 1 ≤
j ≤ d͸هԱ͠ ͍Δ෼ࢄ৘ใͱؔ਺ f : U×N → V
Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ c ରͯ͠ ࣜ (59), (60)
ఆٛ ͨ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j, [m]ͱ͠ɼ
uj [ ] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . u
(b)
j,d−k[m]
)
,
1 ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= v
j ,i, 1 ≤ j ≤ . (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑ ࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻ ֤෦෼ߦྻ
ΨdTmψi, ≤ m ≤ c ΛऔΓग़͠ ࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c 7)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMB F
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X , )-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] M- BRFූ߸͸ɼ(
α B F, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRF ͸ɼఆཧ 1
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ GͱͳΔɽ
4.2.3 ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใ ؔ਺ f2 : U×N → V
Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱ 1 m ≤ cʹର ͯɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷ ൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [ ], u
(a)
j,2 [m], . . . , u
(a)
j,k [ ],
u
(b)
j,1[m], u
(b)
j,2 ], . , u
(b)
j,d ] ,
1 ≤ ≤ c (70
ͱ͓͘ͱ ؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2 i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = ui [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi,
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷ ͷ֤෦෼ߦྻ
ΨdTm i, 1 ≤ m ≤ c औΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c 6
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75 , (76), 7 ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕ ҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
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が成り立つ．したがって，式 (75), (76), (77) 
より，
࿦จ
ؔ਺ͷอଘΛ໨తͱͨ͠ނোϊʔυम෮Մೳͳ෼ࢄετϨʔδํࣜʹ͓͚Δ
म෮ଳҬ෯Λ࠷খͱ͢Δ࠶ੜ੒ූ߸ͷҰߏ੒๏
٢ɹాɹོɹ߂
1 ͸͡Ίʹ
෼ࢄετϨʔδํࣜͱ͸ॏཁͳ৘ใͰ͋ΔΦϦδφ
ϧ৘ใΛ n ݸͷϊʔυʹ෼ࢄͤͯ͞อ؅͠ɼඞཁͳ
ͱ͖ʹ k ݸ (k ≤ n)ͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδ
φϧ৘ใ͕෮ݩͰ͖ΔํࣜͰ͋ΔɽΑͬͯɼނো౳ʹ
ΑͬͯҰ෦ͷϊʔυͷ෼ࢄ৘ใ͕ར༻Ͱ͖ͳ͘ͳͬͨ
৔߹Ͱ΋ɼਖ਼ৗͳϊʔυ͕ k ݸҎ্ଘࡏ͍ͯ͠Ε͹ɼ
ͦΕΒͷϊʔυͷ෼ࢄ৘ใ͔ΒΦϦδφϧ৘ใ͕෮ݩ
Ͱ͖ΔͨΊ৴པੑ͕֬อͰ͖Δɽ͜ͷΑ͏ͳํࣜ͸ɼ
ϦʔυɾιϩϞϯූ߸ͷΑ͏ͳ࠷େڑ཭෼཭ (MDS:
Maximmum Distance Separable) ූ߸ [1]Λར༻͢
Δ͜ͱͰ࣮ݱͰ͖Δɽ۩ମతʹ͸ɼ৘ใ௕ kɼූ߸௕
nͱͨ͠ [n, k] MDSූ߸ʹΑͬͯΦϦδφϧ৘ใΛ
௕͞ nͷූ߸ޠʹූ߸Խ͠ɼͦͷූ߸ޠͷ֤γϯϘϧ
Λ֤ϊʔυͷ෼ࢄ৘ใͱ͢Δ͜ͱͰɼ೚ҙͷ kݸͷ෼
ࢄ৘ใ͔ΒΦϦδφϧ৘ใΛ෮ݩՄೳͳ෼ࢄετϨʔ
δํ͕࣮ࣜݱͰ͖Δɽ
·ͨɼ৴པੑͷ؍఺͔ΒނোϊʔυΛम෮Ͱ͖Δํ
͕ΑΓ๬·͍ͨ͠Ίɼ෼ࢄετϨʔδํࣜʹ͓͚Δނ
োϊʔυͷम෮ʹؔ͢Δݚڀ͕ۙ೥੝ΜʹߦΘΕ͍ͯ
Δɽम෮Մೳͳ෼ࢄετϨʔδํࣜͷࣗ໌ͳߏ੒๏ͱ
ͯ͠ɼނো͍ͯ͠ͳ͍೚ҙͷ kݸͷϊʔυͷ෼ࢄ৘ใ
͔ΒΦϦδφϧ৘ใΛ෮ݩ͠ɼނোϊʔυ͕هԱͯ͠
͍ͨ෼ࢄ৘ใΛ࠶ੜ੒͢Δ͜ͱ͕ߟ͑ΒΕΔ͕ɼ࠶ੜ
੒͍ͨ͠෼ࢄ৘ใͷ kഒͷେ͖͞ͷ৘ใΛར༻͢Δͨ
Ίޮ཰తͰ͸ͳ͍ɽ͜ͷ໰୊ʹରͯ͠ɼk ≤ dΛຬͨ
͢೚ҙͷ dݸͷނো͍ͯ͠ͳ͍ϊʔυ͕ੜ੒͢Δނো
ϊʔυम෮༻ͷ৘ใΛूΊΔ͜ͱͰޮ཰తʹނোϊʔ
υͷ෼ࢄ৘ใΛ࠶ੜ੒Ͱ͖Δ࠶ੜ੒ූ߸ͷ֓೦͕ࣔ͞
Εͨ [2]ɽߋʹɼ֤ϊʔυ͕هԱ͢Δ෼ࢄ৘ใͷهԱ
༰ྔʢҎԼͰ͸ɼ୯ʹهԱ༰ྔͱݺͿʣͱނোϊʔυ
Λम෮͢ΔͨΊʹඞཁͳ࠶ੜ੒৘ใͷେ͖͞ʢҎԼͰ
͸ɼम෮ଳҬ෯ͱݺͿʣʹτϨʔυΦϑ͕͋Δ͜ͱ΋
ࣔ͞Ε͍ͯΔ [2]ɽ͜ͷτϨʔυΦϑʹ͓͍ͯɼهԱ༰
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ූ߸ɼٴͼम෮ଳҬ෯͕࠷খͱͳΔͱ͖ʹهԱ༰ྔΛ
࠷খͱ͢Δ࠶ੜ੒ූ߸͕ఏҊ͞Ε͍ͯΔ [3, 4, 5, 6]ɽ
Ұํɼؔ਺Λൿີ৘ใͱͯ͠෼ࢄ͢Δൿີؔ਺෼ࢄ
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Ͱɼ·ͣؔ਺ φ(·)Λ nݸͷ෼ࢄ৘ใʹූ߸Խ͠ɼͦ
ΕΒΛ֤ϊʔυ͕هԱ͢Δɽೖྗ஋ xʹର͢Δؔ਺஋
φ(x)Λ஌Γ͍ͨར༻ऀ͸ɼೖྗ஋ xΛ೚ҙͷ kݸͷ
ϊʔυ΁ૹ৴͠ɼ֤ϊʔυ͸ xͱࣗ਎͕هԱ͍ͯ͠Δ
෼ࢄ৘ใ͔Β φ(x)ʹର͢Δؔ਺஋෮ݩ৘ใΛੜ੒͠
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͔Βɼؔ਺஋ φ(x)Λ෮ݩ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ͳؔ਺ͷൿີ෼ࢄ๏Λར༻͢Δ͜ͱͰ Kerberos౳
ͷݤ഑ૹํࣜʹ͓͚Δݤ഑ૹηϯλʔͷػೳΛ෼ࢄ͠ɼ
Ұ෦ͷݤ഑ૹηϯλʔͷػೳఀࢭ΍ෆਖ਼ʹର͢ΔϦε
ΫΛܰݮͰ͖Δ [9]ɽ͔͠͠ɼϊʔυͷނোʹΑͬͯ
ഁଛɾফࣦͨ͠෼ࢄ৘ใΛޮ཰తʹ࠶ੜ੒͢Δํࣜʹ
͍ͭͯ͸ߟ͑ΒΕ͍ͯͳ͍ɽ
ͦ͜Ͱຊ࿦จͰ͸ɼൿີؔ਺෼ࢄ๏ͱಉ༷ʹɼؔ਺
ͷอଘΛ໨తͱ͢Δނোϊʔυ͕म෮Մೳͳ෼ࢄετ
ϨʔδํࣜΛ৽ͨʹఆٛ͢Δɽ࣍ʹɼఏҊͨ͠ํࣜΛ
࣮ݱ͢Δ࠶ੜ੒ූ߸ΛఏҊ͠ɼͦͷ࠶ੜ੒ූ߸ͷੑ࣭
Λࣔ͢ɽ
ຊ࿦จͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɽ2ষͰ͸ैདྷ
ͷम෮Մೳͳ෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λઆ໌
͢Δɽ3ষͰ͸ɼؔ਺ͷอଘΛ໨తͱ͢Δम෮Մೳͳ
෼ࢄετϨʔδํࣜͱ࠶ੜ੒ූ߸Λ৽ͨʹఆٛ͠ɼ4
ষͰؔ਺ͷอଘΛ໨తͱ͢Δ࠶ੜ੒ූ߸ͷ۩ମతߏ੒
๏ΛఏҊ͢Δɽ࠷ޙʹ 5ষͰ·ͱΊΔɽ
2 ैདྷݚڀ
2.1 म෮Մೳͳ෼ࢄετϨʔδํࣜ
म෮Մೳͳ෼ࢄετϨʔδํࣜ͸ɼn ݸͷϊʔυ
ψ1, ψ2, . . . , ψn ͱσʔλίϨΫλʔ DC ʹΑͬͯߏ
個の再生成情報から
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の分散情
報
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
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Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
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(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
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,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
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j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj 1 ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c औΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒ Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
が一意に定まる．この一連の計算が関
数
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=
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4.2.3 ࠶ੜ੒ϑΣʔζ
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⊤
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͕੒ΓཱͭͷͰɼ
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⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
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ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
となる．
4.3　[n, k, d, c] PM-MBRF 符号の性能
　 以 下 で は，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符 号
が，MBRF 点
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸ ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c 76
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕ Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ [n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷ Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
を達成する
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
̸ ̸
再生成符号であること
を示す．
定理 2.　
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 t ≤ |X | আ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จ ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨ ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSS ͓͍ ҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符号は，
を達成する
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯ
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏ ϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻ ϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ σʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓ ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσ λίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P )-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
̸ ̸
再生成符号
である． □
（ 証 明 ） 式 (52) の 行 列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d Ψd = Tmψi, 1 ≤ m c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の 分 布 が
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
Εͧ ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ ɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳ ɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, , c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱ ΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
上 の 一 様 分 布 で あ る こ
と， 及 び 行 列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
..
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ ࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨ ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Β
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] P -MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log | |
k(2d− k + 1)
)
(78
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の 分 布 と
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [ ], u
(a)
j,2 [m], . . . , u
(a)
j,k [ ],
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = ( j [1] i, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [ ], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = ( j [1] i, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2 i, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTm = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ ੜ੒ߦྻ Tm, 1 ≤
m ≤ c ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c 77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸ ࠶ੜ ৘ใ͔Β ψiͷ෼ࢄ৘ใ i͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ ܭࢉ͕ؔ਺ gͱͳΔɽ
4 3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ F k(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X , )
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d− +1)/2q ΑΓɼ
H Yt =
k(2d− k + 1) log q
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
上 の
一様分布が等価であることから．関数値
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣ ζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද ͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽ن ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ g ͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ Λࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ R ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ ཁૉΛͦΕͧ
Ε u(a)j,h[m] u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
(a)
j, [ ], u
(a)
j,2 [ ], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, u [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [ ], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ ͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸ ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸ ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ ܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γ BRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋ ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1 ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X , )
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
は，それぞれ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ ؔ਺ GͱͳΔɽ
4 2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψi , 1
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ ͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m] . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [ ]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d هԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ v
1,i, v 2,i, . . . , v k,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [ ]ψi, . . . , u [c] i)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ ͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd = ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻ
v
1,i
v
2,i
...
v
d,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡ Ͱɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n k d, c] PM- BRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n k d, c] P -MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n k d, c] F(X ,Y)-
͜ͱΛࣔ͢ɽ
ఆཧ 2. [n k d, c] P -MBRFූ߸͸ɼ
αMBRF, γMBRF
)
=
2cd log Y|
k(2d− k + 1) ,
2cd log Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n k , c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X | ͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓ
H(Yt) =
k(2d− k + 1) log q
2
= log Y| (79)
ͱͳΔͷͰɼ[n k d, c] P -MBRFූ߸͸ɼఆཧ 1ͷ
上の一様分布となる．したがって，
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [ ] =
(
u
(a)
j,1 [m], u
(a)
j,2 [ ], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[ ], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70
ͱ͓͘ͱ ؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(u , ψi) = (uj [1]ψi, uj [2] i, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽ن ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼ ݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ ui ੜ੒ ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 j d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸ ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷ ͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2 −k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1 log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ· ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b
j,d−k[m]
)
,
1 m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik, ͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓ ߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋ ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
より，
と な る の で，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δ ͜ ͱ
͖ɼ࣍ 3ͭ ϑΣ ζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : (X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ t1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , v d,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U| β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = β Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y -࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର ཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符
号 は， 定 理 1 の 仮 定 を 満 た す． ま た，
ԾఆΛຬͨ͢ ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒Γཱͭ Ҏ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3 Λຬ ͢ ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt)
pi∑
m 1
H Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
より，
が 成 り 立 つ． 以 上 よ り，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ ੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ ɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ ͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t− ·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσ λίϨΫλʔDC ૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ ͍ͨނোϊʔυ ψiΛम
෮͢ΔͨΊ ɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f (uij ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢ ɽ͜Ε dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢ ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-
MBRF 符号が定義 4 の条件 (P1) ～ (P3) を
満たすことを示せば，定理が証明できる．
　4.2 節 の 議 論 か ら
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ (25)
Λੜ੒͢Δɽ ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸ ϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ t͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢ ೖྗ஋ ड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δ ஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯ ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
ܭࢉ ɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
( 1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 
符号が，条件 (P1) と (P2) を満たすことは
明らかである．また，条件 (P3) を満たす
ことは，しきい値秘密分散法 [10] の安全
性証明と同様にして証明できる．行列
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ· ɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[ ], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓ ߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBR , γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の各行は独立に定められるので，任意の
Ծఆ ຬͨ͢ɽ·ͨ U = Fq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓ [n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ 3 Λࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ P1)ͱ (P2)Λຬͨ ͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕ ͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ ෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (8 )
͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
に対して，
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= c log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼ ͷ
mߦ໨ͷ੒෼ΛRmͱ͠ Rmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,t ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) 82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym ¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
の各要
素も互いに独立で
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2 − k + 1) , (80)
γ = d log |V|
= d log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬ ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖Δɽ ྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔ Ͱ ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼR
mߦ໨ͷ੒෼Λ ͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , ,t2 , . . . Ym,tc | Y¯m,t1 , ,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , ,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ɽ͜͜Ͱɼ
= (Ym,t1 , ,t2 , . . . , Ym,tc−1), (86)
¯ = (Y¯m,t1 , ,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ ɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [1 , ఆཧ 2.5.1] ෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [1 , ఆཧ 2.6.5] 2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํ ೚ҙ c− 1ݸͷҟͳ ೖྗ஋ͱؔ਺஋ ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , ,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
上の一様分布に従う．
ここで，
ԾఆΛຬͨ͢ɽ·ͨɼU Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔ Ͱɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ Ұ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | m, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | , Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
m = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
とし，
͕ಘΒΕ ࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[ ],
(b)
,2[m] . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [ ]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψi બ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़ ɼψi ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ ͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (7 )
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1 i, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTc i
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
͓͘ ɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (5 )ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ Y = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log | | (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
の
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ m,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, ¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ

Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
行目の成分を
ԾఆΛຬͨ͢ɽ·ͨɼU cdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM- Fූ߸͕
4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱ ࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔ Ͱɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | m, Y¯m, 1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | , Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rm 1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H( tc | Yt1 , t2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
とし，
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[ , , , c] PM- BRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અ ٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖Δɽ ྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔ Ͱɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ Ұ༷
෼෍ ै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼR
mߦ໨ͷ੒෼Λ ͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H Yt =
pi
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t . , Ym−1,t, Ym+1,t, . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . , tc ʹରͯ͠ɼ
H(Ym,t1 , ,t2 , . Ym,tc | Y¯m,t1 , ,t2 , . , Y¯m,tc)
= H(Ym,t1 , ,t2 , . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . , Ytc−1)
=
pi
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc . , Ym−1,tc)
≥
pi
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
= (Ym,t1 , ,t2 , . , Ym,tc−1), (86)
¯ = (Y¯m,t1 , ,t2 , . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [ 1, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [ 1, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi ( 8)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , ,t2 , . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [ 1, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
に対する確率変数をそれぞれ
ԾఆΛຬͨ͢ɽ·ͨɼU cd, V = Fcq Α ɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd l |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] P -MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] P -MBRFූ߸͕ɼ৚
݅ (P1)ͱ P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ· ɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖Δɽ ྻ ͷ֤ߦ
͸ಠཱʹఆΊΒΕΔ Ͱɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒ Λ ͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , ,t2 , . . . , Ym,tc | Y¯m,t1 , ,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , ,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | m, Y¯m, 1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | m, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
= (Ym,t1 , ,t2 , . . . , Ym,tc−1), (86)
= (Y¯m,t1 , ,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [1 , ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉ ૊ (xti , Rmxti), 1 ≤ i c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , ,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (8 ), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
とおく．
このとき，
ԾఆΛຬͨ͢ɽ·ͨ U = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
2cdk(2d− k + 1) l q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ· ɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ t ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
m ≤ pi͸ޓ͍ʹಠཱͱͳΓ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, ¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
¯
m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸Τ τϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉ ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬ ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 . . . , Y¯ ,tc)
= H(Ym,t1 , Ym,t2 . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , tc−1)
=
pi∑
m=1
H(Y ,tc | Ym Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Y ,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Y ,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
は互いに独立
となり，
が成り立つ．また，
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V
= cd log q
=
2c log |Y|
k(2d− k + 1) (81)
੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4 ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1 ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔ ͋ ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹ ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼ xt ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ Rmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,t ͓͘ɽ͜ͷ ͖ɼ ,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = ( 1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H( ,tc | Y , Y¯m, Y1 tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Y , Y¯m, Y¯m,tc
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5. ]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳ ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91) ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc− ) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
が互い
に独立であることから，
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ G ͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ d ͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨ id , 1
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͱ ੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰ
vij ,i = (uj [ ] i, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Β
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ g ͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αM RF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd lo |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
ɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕɼࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ m ≤ cʹରͯ͠ɼࣜ (59), (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i ͷm൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[ ], u
(b)
j,2[m], . . . u
(b)
j,d−k[m]
)
,
1 ≤ ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼ ͱͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒ ใ vij ,i, 1 ≤ j ≤ d ಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tmͷ
ఆٛɼٴͼࣜ (70)Α ɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d 73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψd =
[
ψi1 ψi2 · · · id
]⊤
(74)
͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
vid,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖Δɽ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰ ৽نϊʔυ ψi ͸ड৴͠
dݸͷ࠶ੜ੒৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c ΛऔΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ ੒ߦྻ Tm, 1 ≤
m ≤ c͕ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c (77)
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n k, d, c] PM-MBRFූ߸ ੑೳ
ҎԼͰ͸ɼ[n, k, d c] PM-MBRFූ߸͕ɼMBRF
఺ (αMBRF, γMBRF)Λୡ੒͢ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + ,
2cd log |Y|
k(2d− k + 1)
)
(78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ Ұ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰ [n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
͕ಘΒΕ ࣜ (56)ͱ Aˆh, 1 ≤ h ≤ kͷఆٛΑΓ
φ(xt) = Rxt
=

Aˆ1
Aˆ2
...
Aˆk
xt (69)
͕ఆ·Δɽ͜ͷҰ࿈ͷܭࢉ͕ؔ਺ GͱͳΔɽ
4.2.3 ࠶ੜ੒ϑΣʔζ
৽نϊʔυ ψiʹબ୒͞Εͨ dݸͷϊʔυ ψid , 1 ≤
j ≤ d͸هԱ͍ͯ͠ ෼ࢄ৘ใͱؔ਺ f2 : U×N → V
Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕੜ
੒͢Δɽ͜͜Ͱɼ1 ≤ ≤ cʹରͯ͠ɼࣜ (59) (60)
Ͱఆٛͨ͠ u(a)j,h, ٴͼ u(b)j,i m൪໨ͷཁૉΛͦΕͧ
Ε u(a)j,h[m], u(b)j,i [m]ͱ͠ɼ
uj [m] =
(
u
(a)
j,1 [m], u
(a)
j,2 [m], . . . , u
(a)
j,k [m],
u
(b)
j,1[m], u
(b)
j,2[m], . . . , u
(b)
j,d−k[m]
)
,
1 ≤ m ≤ c (70)
ͱ͓͘ͱɼؔ਺ f2 ͸ɼ࣍ࣜͰఆٛ͞ΕΔɽ
f2(uij , ψi) = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
= vij ,i, 1 ≤ j ≤ d. (71)
Αͬͯɼ৽نϊʔυ ψiʹબ୒͞Εͨϊʔυ ψid , 1 ≤
j ≤ d ͸ɼهԱ͍ͯ͠Δ෼ࢄ৘ใ͔Βɼuj [m], 1 ≤
m ≤ cΛऔΓग़͠ɼψi ͷੵΛͦΕͧΕܭࢉ͢Δ͜
ͱͰ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛಘΔɽ
࣍ʹɼdݸͷ࠶ੜ੒৘ใ vi1,i, vi2,i, . . . , vik,i͔Β෼
ࢄ৘ใ uiΛੜ੒͢Δ͜ͱΛߟ͑Δɽࣜ (57)ͷ Tm
ఆٛɼٴͼࣜ (70)ΑΓɼ
ψ⊤ijTm = uij [m], 1 ≤ j ≤ d, 1 ≤ m ≤ c (72)
͕੒ΓཱͭͷͰɼ
vij ,i = (uj [1]ψi, uj [2]ψi, . . . , uj [c]ψi)
⊤
=
(
ψ⊤ijT1ψi, ψ
⊤
ijT2ψi, . . . , ψ
⊤
ijTcψi
)⊤
,
1 ≤ j ≤ d (73)
ͱͳΔɽ͜͜Ͱɼ2.3અͱಉ༷ʹɼ
Ψ =
[
ψi1 ψi2 · · · ψid
]⊤
(74)
ͱ͓͘ͱɼdݸͷ࠶ੜ੒৘ใΛॎʹฒ΂ͨ d×cߦྻΛ
vi1,i
vi2,i
...
v
d,i
=
[
ΨdT1ψi ΨdT2ψi · · · ΨdTcψi
]
(75)
ͱද͢͜ͱ͕Ͱ͖ ஫ҙ 1 ΑΓɼߦྻ Ψd ʹ͸ٯ
ߦྻ Ψ−1d ͕ଘࡏ͢ΔͷͰɼ৽نϊʔυ ψi ͸ड৴͠
ͨ dݸ ࠶ੜ ৘ใ͔Βࣜ (75)ͷߦྻͷ֤෦෼ߦྻ
ΨdTmψi, 1 ≤ m ≤ c औΓग़͠ɼࠨ͔Β Ψ−1d Λͦ
ΕͧΕ৐͡Δ͜ͱͰɼ
Ψ−1d ΨdTmψi = Tmψi, 1 ≤ m ≤ c (76)
͕ܭࢉͰ͖Δɽ·ͨɼ࠶ੜ੒৘ใੜ੒ߦྻ Tm, 1 ≤
m ≤ c ରশߦྻͰ͋Δ͜ͱ͔Βɼ
(Tmψi)
⊤
= ψ⊤i T
⊤
m
= ψ⊤i Tm, 1 ≤ m ≤ c 7
͕੒Γཱͭɽ͕ͨͬͯ͠ɼࣜ (75), (76), (77)ΑΓɼd
ݸͷ࠶ੜ੒৘ใ͔Β ψiͷ෼ࢄ৘ใ ui͕Ұҙʹఆ·Δɽ
͜ͷҰ࿈ͷܭࢉ͕ؔ਺ gͱͳΔɽ
4.3 [n, k, d, c] PM-MBRFූ߸ͷੑೳ
ҎԼͰ͸ɼ[n, k, d, c] PM-MBRFූ߸͕ MBRF
఺ (α BRF, γMBRF)Λୡ੒͢ [n, k, d, c] F(X ,Y)-
࠶ੜ੒ූ߸Ͱ͋Δ͜ͱΛࣔ͢ɽ
ఆཧ 2. [n, k, d, c] PM-MBRFූ߸͸ɼ(
αMBRF, γMBRF
)
=
(
2cd log |Y|
k(2d− k + 1) ,
2cd log |Y|
k(2d− k + 1) (78)
Λୡ੒͢Δ [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸Ͱ͋Δɽ˘
ʢূ໌ʣࣜ (52)ͷߦྻRͷ෼෍͕ Fck(2d−k+1)/2q ্ͷ
Ұ༷෼෍Ͱ͋Δ͜ͱɼٴͼߦྻ Rͷ෼෍ͱ F(X ,Y)
্ͷҰ༷෼෍͕౳ՁͰ͋Δ͜ͱ͔Βɽؔ਺஋ Yt, 1 ≤
t ≤ |X |͸ɼͦΕͧΕ Fk(2d−k+1)/2q ্ͷҰ༷෼෍ͱͳ
Δɽ͕ͨͬͯ͠ɼY = Fk(2d−k+1)/2q ΑΓɼ
H(Yt) =
k(2d− k + 1) log q
2
= log |Y| (79)
ͱͳΔͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼఆཧ 1ͷ
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, , c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ ( )ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3) ຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k( d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ Rmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,t ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋ ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] P - F ߸͕
ఆٛ 4ͷ৚݅ 1 ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MB Fූ߸͕ɼ৚
݅ (P1) (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ ͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ ಉ༷ ͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼR , 1 ≤ m ≤ pi͕ޓ͍ʹಠ Ͱ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | m,t1 , Y¯m,t2 , . . . , ¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi
m=1
H(Ym,tc | Ym, Y¯m, ¯ ,tc)
=
pi
m=1
H(Y ,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ ( ti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳ ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯ ࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , tc−1) = H( c) 92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-M ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
cd log q
cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ Λࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜ ɼpi = k(2d−k+1)/2 ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ Rmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧ Ym,tͱ͓͘ ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓ
H(Yt) =
pi∑
m=1
H(Y ,t) (82)
͕੒Γཱͭɽ·ͨ Rm, 1 ≤ m ≤ pi͕ޓ͍ʹಠ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . Ym−1,t, Ym+1,t, . . . Ypi,t),
1 ≤ t |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , 2 . . . Ytc−1)
=
pi∑
=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . Ym−1,tc)
≥
pi∑
m=1
(Y ,tc | , Y¯m, Y¯ ,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ ͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
 ⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹର ͯ q௨Γͷղ͕ಉ༷ ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , 2 . . . Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ ͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , 2 . . . Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , 2 . . . Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
27
関数の保存を目的とした故障ノード修復可能な分散ストレージ方式における修復帯域幅を最小とする再生成符号の一構成法
とおくと，任意の
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
個の時刻
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ ͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ ͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [ 1, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [ 1, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi ( 8)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [ 1, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
に対して，
となり，
を得る．ここで，
とおいた．また，1 番目の等号はエントロ
ピーのチェイン則 [11, 定理 2.5.1]，不等号
は条件部に確率変数を増やしてもエントロ
ピーは増加しないという条件付きエントロ
ピーの性質 [11, 定理 2.6.5]，2 番目の等号は
式 (84) を用いた．
　一方，任意の
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
個の異なる入力値と関
数値の各要素の組
ԾఆΛຬͨ͢ɽ·ͨɼU cdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔ Ͱɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | m, Y¯m, 1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | , Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H( tc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H( tc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , t2 , . . . Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
に対して，
なる関係式が得られる．式 (91) は
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
が未
知の連立方程式となり，しきい値秘密分散
法 [10] の安全性証明と同様に考えると，式
(91) の連立方程式の解は各
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , t2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
に対して
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym c), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
通
りの解が同様に確からしい．したがって，
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , R xti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

P (xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨ ͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
は
ԾఆΛຬͨ͢ɽ·ͨɼU Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = ( 1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93 ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
の全ての要素が同様に確から
しく，
が成り立つ．よって，式 (82), (85), (92) より，
を得る．式 (93) 及び条件部に確率変数を増
やしてもエントロピーは増加しないという
条件付きエントロピーの性質 [11, 定理 2.6.5]
より，
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d− +1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | m, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γ ղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) 2)
͕੒Γཱͭɽ·ͨ Rm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
R xtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Y ,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒Γ ͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ Rxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼR , 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [1 , ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− , 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3) ຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭ ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Β
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t)
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | m,t1 , Y¯m t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ ํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , tc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ ,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H( m,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [1 , ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ ͳ ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , R xti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱ ࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P )ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n k, d, c] PM-MBR ූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Y ,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ ΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ 
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ ํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ tc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨ U = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ ཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1, c , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,t )
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳ ͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (9 )
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
ԾఆΛຬͨ͢ɽ·ͨ U Fcd, V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2 − k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒Γཱͭ Ҏ্ΑΓ [n, k, , c] PM-MBRFූ߸͕
ఆٛ 4 ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔ ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒ ΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼ m l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , m,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi
1
( ,tc | , ¯ , 1,tc , . . . , Ym−1,tc)
≥
pi
1
( ,tc | , Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
m = (Ym,t1 Ym,t2 , . . . Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5. ]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmx c−1
 =


Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
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が成り立つので，
ͨम෮Մೳͳ෼ࢄετϨʔδํࣜΛɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3. 7ͭͷ༗ݶू߹ F(X ,Y), N , U , V, W, X ,
Y, 5ͭͷؔ਺ F , f1, G, f2, g, ٴͼ n > d ≥ kΛຬ
ͨ͢ 3ͭͷਖ਼੔਺ n, k, dΛެ։৘ใͱ͢Δɽ͜ͷͱ
͖ɼ࣍ͷ 3ͭͷϑΣʔζ͔Βߏ੒͞ΕΔํࣜΛ [n, k, d]
F(X ,Y)-DSSͱݺͿɽ
ʻ෼ࢄ৘ใੜ੒ϑΣʔζʼ
؅ཧऀ͸ɼؔ਺ F : F(X ,Y) → Un Λ༻͍ͯؔ਺
φ ∈ F(X ,Y)ʹର͢Δ nݸͷ෼ࢄ৘ใ
(u1, u2, . . . , un), uj ∈ U , 1 ≤ j ≤ n (25)
Λੜ੒͢Δɽ͢ͳΘͪɼؔ਺ φ͔Β
F (φ) = (u1, u2, . . . , un) (26)
Λܭࢉ͢Δɽ࣍ʹɼuj Λ҆શͳ௨৴࿏Λ༻͍ͯϊʔυ
ψj ʹૹ৴͢Δɽϊʔυ ψj ͸ɼड৴ͨ͠෼ࢄ৘ใ uj
ΛͦΕͧΕهԱ͢Δɽ
ʻؔ਺஋෮ݩϑΣʔζʼ
1 ≤ t ≤ |X |ʹର͠ɼσʔλίϨΫλʔDC͸nݸͷ
ϊʔυͷத͔Β kݸͷϊʔυ ψt1 , ψt2 , . . . , ψtk Λ೚ҙ
ʹબ୒͠ɼؔ਺ φʹର͢Δ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ∈
X Λ֤ϊʔυ΁ૹ৴͢Δɽͨͩ͠ɼೖྗ xt͸࣌ࠁ t͝
ͱʹҟͳΔ΋ͷͱ͢Δɽ͢ ͳΘͪɼxt ̸= xt′ , t ̸= t′Ͱ͋
Δͱ͠ɼ࣌ࠁ t−1·Ͱͷೖྗ஋ x1, x2, . . . , xt−1Λެ
։৘ใͱ͢Δɽೖྗ஋Λड৴ͨ͠ kݸͷϊʔυψtj , 1≤
j≤k͸ɼؔ਺ f1 : U ×X → W Λ༻͍ͯؔ਺஋ yt =
φ(xt)ʹର͢Δؔ਺஋෮ݩ৘ใ wtj ,t = f1(utj , xt)Λ
ੜ੒͠ɼσʔλίϨΫλʔDCʹૹ৴͢Δɽkݸͷؔ਺
஋෮ݩ৘ใ wt1,t, wt2,t, . . . , wtk,tΛड৴ͨ͠σʔλί
ϨΫλʔ DC͸ɼؔ਺ G :Wk → Y Λ༻͍ͯೖྗ஋
xt ʹର͢Δؔ਺஋ͱͯ͠ɼG(wt1,t, wt2,t, . . . , wtk,t)
Λੜ੒͢Δɽ
ʻ࠶ੜ੒ϑΣʔζʼ
෼ࢄ৘ใ ui ∈ U ΛهԱ͍ͯͨ͠ނোϊʔυ ψiΛम
෮͢ΔͨΊʹɼ৽نϊʔυ ψi Λઃஔ͢Δɽ৽نϊʔ
υ͸ɼނো͍ͯ͠ͳ͍ϊʔυͷத͔Β d ݸͷϊʔυ
ψi1 , ψi2 , . . . , ψid Λ೚ҙʹબ୒͢Δɽ࣍ʹɼબ୒͞Εͨ
֤ϊʔυ͸هԱ͍ͯ͠Δ෼ࢄ৘ใͱؔ਺ f2 : U×N →
V Λ༻͍ͯɼ࠶ੜ੒৘ใ vij ,i, 1 ≤ j ≤ dΛͦΕͧΕ
ੜ੒͢Δɽ͢ͳΘͪɼ
f2(uij , ψi) = vij ,i, 1 ≤ j ≤ d (27)
Λܭࢉ͢Δɽ͜ΕΒ dݸͷ࠶ੜ੒৘ใ͸৽نϊʔυʹ
ૹ৴͞Εɼ৽نϊʔυ͸ؔ਺ g : Vd → U Λ༻͍ͯ෼
ࢄ৘ใ uˆi ∈ U Λੜ੒͢Δɽ͢ͳΘͪɼ
g(vi1,i, . . . , vid,i) = uˆi (28)
Λܭࢉ͢Δɽ৽نϊʔυ ψi͸͜ͷ෼ࢄ৘ใΛ ui = uˆi
ͱͯ͠هԱ͢Δɽ ˘
্هͷ [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼؔ਺ φ͕
֬཰తʹൃੜ͢Δ͜ͱΛԾఆ͍ͯ͠ΔͨΊɼ֤ϑΣʔ
ζͰੜ੒͞ΕΔ৘ใ͸ɼೖྗ஋ xt, 1 ≤ t ≤ |X |Λআ
͍ͯF(X ,Y)্ͷҰ༷෼෍ͱؔ਺ φ, F , f1, G, f2, g
ʹґଘͯ͠ఆ·Δɽ͜͜Ͱɼ1 ≤ i, j ≤ n, 1 ≤ t ≤ |X |
ʹ͓͍ͯ uj , wj,t, vi,j , yt ʹର͢Δ֬཰ม਺ΛͦΕͧ
Ε Uj , Wj,t, Vi,j , Yt ͱ͢Δɽ·ͨɼ[n, k, d] DSSͱ
ಉ༷ʹɼα = log |U|, β = log |V|ͱ͓͖ɼαΛهԱ༰
ྔɼγ = dβ Λम෮ଳҬ෯ͱݺͿɽ
஫ҙ 2. |X | = 1ͷ৔߹ͷ [n, k, d] F(X ,Y)-DSSͰ
͸ɼσʔλίϨΫλʔ DC͕ೖྗ஋ x1 ʹର͢Δؔ਺
஋ φ(x1)ͷΈΛಘΔํࣜͱͳΔɽΑͬͯɼφ(x1)ʹର
͢Δؔ਺஋෮ݩ৘ใΛ෼ࢄ৘ใʹஔ͖׵͑ɼuj = wj,1,
1 ≤ j ≤ nͱͨ͠ํࣜ͸ɼຊ࣭తʹ [n, k, d] DSSͱ
౳ՁͳํࣜʹͳΔɽ ˘
3.2 [n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸
ຊ࿦จͰ͸ɼ[n, k, d] F(X ,Y)-DSS Λ࣮ݱ͢Δූ
߸ΫϥεΛ৽ͨʹఆٛ͢Δɽ·ͨɼ͜ͷූ߸Ϋϥεʹ
ର͢Δཁ݅͸ɼ[n, k, d]࠶ੜ੒ූ߸ͱಉ༷ʹΤϯτϩ
ϐʔͱ৚݅෇͖ΤϯτϩϐʔΛ༻͍ͯఆٛ͢Δɽ
ఆٛ 4. [n, k, d] F(X ,Y)-DSSʹ͓͍ͯɼҎԼͷ৚
݅ (P1)-(P3) Λຬͨؔ͢਺ͷ૊ (F, f1, G, f2, g) Λ
[n, k, d, c] F(X ,Y)-࠶ੜ੒ූ߸ͱݺͿɽ
(P1) ೚ҙͷ࣌ࠁ tʹ͓͚Δೖྗ஋ xt ͱ kݸͷϊʔ
υ ψt1 , ψt2 , . . . , ψtk ʹରͯ͠ɼ
H(Yt |Wt1,t,Wt2,t, . . . ,Wtk,t) = 0,
1 ≤ t ≤ |X | (29)
͕੒ཱ͢Δɽ
(P2) ೚ҙͷ d + 1 ݸͷϊʔυ ψi, ψi1 , ψi2 , . . . , ψid
ʹରͯ͠ɼ
H(Ui | Vi1,i, Vi2,i, . . . , Vid,i) = 0 (30)
͕੒ཱ͢Δɽ
(P3) 1 ≤ t1 < t2 < · · · < tc ≤ |X |Λຬͨ͢೚ҙͷ
cݸͷؔ਺஋ yt1 , yt2 , . . . , ytc ʹରͯ͠ɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (31)
͕੒ཱ͢Δɽ
PM-MBRF 符
号は，条件 (P3) を満たす． □
5　まとめ
　本稿では修復可能な分散ストレージ方式
を拡張し，関数の保存を目的とする修復
可能な分散ストレージ方式を新たに定義し
た．また，その方式を実現する再生成符号
の構成法を提案し，その符号が修復帯域幅
を最小とする再生成符号であることを示し
た．今後の課題としては，記憶容量を最小
とする再生成符号の検討などが挙げられ
る．
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ԾఆΛຬͨ͢ɽ·ͨɼU = Fcdq , V = Fcq ΑΓɼ
α = log |U|
= cd log q
=
2cdk(2d− k + 1) log q
2k(2d− k + 1)
=
2cd log |Y|
k(2d− k + 1) , (80)
γ = d log |V|
= cd log q
=
2cd log |Y|
k(2d− k + 1) (81)
͕੒ΓཱͭɽҎ্ΑΓɼ[n, k, d, c] PM-MBRFූ߸͕
ఆٛ 4ͷ৚݅ (P1)ʙ(P3)Λຬͨ͢͜ͱΛࣔͤ͹ɼఆ
ཧ͕ূ໌Ͱ͖Δɽ
4.2અͷٞ࿦͔Β [n, k, d, c] PM-MBRFූ߸͕ɼ৚
݅ (P1)ͱ (P2)Λຬͨ͢͜ͱ͸໌Β͔Ͱ͋Δɽ·ͨɼ
৚݅ (P3)Λຬͨ͢͜ͱ͸ɼ͖͍͠஋ൿີ෼ࢄ๏ [10]
ͷ҆શੑূ໌ͱಉ༷ʹͯ͠ূ໌Ͱ͖ΔɽߦྻRͷ֤ߦ
͸ಠཱʹఆΊΒΕΔͷͰɼ೚ҙͷ xt ∈ X , 1 ≤ t ≤ |X |
ʹରͯ͠ɼRxt ͷ֤ཁૉ΋ޓ͍ʹಠཱͰ Fq ্ͷҰ༷
෼෍ʹै͏ɽ͜͜Ͱɼpi = k(2d−k+1)/2ͱ͠ɼRͷ
mߦ໨ͷ੒෼ΛRmͱ͠ɼRmxt, 1 ≤ m ≤ piʹର͢
Δ֬཰ม਺ΛͦΕͧΕ Ym,tͱ͓͘ɽ͜ͷͱ͖ɼYm,l,
1 ≤ m ≤ pi͸ޓ͍ʹಠཱͱͳΓɼ
H(Yt) =
pi∑
m=1
H(Ym,t) (82)
͕੒Γཱͭɽ·ͨɼRm, 1 ≤ m ≤ pi͕ޓ͍ʹಠཱͰ
͋Δ͜ͱ͔Βɼ
Y¯m,t = (Y1,t, . . . , Ym−1,t, Ym+1,t, . . . , Ypi,t),
1 ≤ t ≤ |X | (83)
ͱ͓͘ͱɼ೚ҙͷ cݸͷ࣌ࠁ t1, t2, . . . , tc ʹରͯ͠ɼ
H(Ym,t1 , Ym,t2 , . . . , Ym,tc | Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc)
= H(Ym,t1 , Ym,t2 , . . . , Ym,tc) (84)
ͱͳΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1)
=
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y1,tc , . . . , Ym−1,tc)
≥
pi∑
m=1
H(Ym,tc | Ym, Y¯m, Y¯m,tc)
=
pi∑
m=1
H(Ym,tc | Ym) (85)
ΛಘΔɽ͜͜Ͱɼ
Ym = (Ym,t1 , Ym,t2 , . . . , Ym,tc−1), (86)
Y¯m = (Y¯m,t1 , Y¯m,t2 , . . . , Y¯m,tc−1) (87)
ͱ͓͍ͨɽ·ͨɼ1൪໨ͷ౳߸͸ΤϯτϩϐʔͷνΣ
Πϯଇ [11, ఆཧ 2.5.1]ɼෆ౳߸͸৚݅෦ʹ֬཰ม਺Λ
૿΍ͯ͠΋Τϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖
Τϯτϩϐʔͷੑ࣭ [11, ఆཧ 2.6.5]ɼ2൪໨ͷ౳߸͸
ࣜ (84)Λ༻͍ͨɽ
Ұํɼ೚ҙͷ c− 1ݸͷҟͳΔೖྗ஋ͱؔ਺஋ͷ֤
ཁૉͷ૊ (xti , Rmxti), 1 ≤ i ≤ c− 1, 1 ≤ m ≤ piʹ
ରͯ͠ɼ
Rmxt1
Rmxt2
...
Rmxtc−1
 =

Pm(xt1)
Pm(xt2)
...
Pm(xtc−1)

=

x⊤t1
x⊤t2
...
x⊤tc−1
R⊤m,
1 ≤ m ≤ pi (88)
ͳΔؔ܎͕ࣜಘΒΕΔɽࣜ (91)͸ Rm ͕ະ஌ͷ࿈ཱ
ํఔࣜͱͳΓɼ͖͍͠஋ൿີ෼ࢄ๏ [10]ͷ҆શੑূ໌
ͱಉ༷ʹߟ͑Δͱɼࣜ (91)ͷ࿈ཱํఔࣜͷղ͸֤m
ʹରͯ͠ q௨Γͷղ͕ಉ༷ʹ͔֬Β͍͠ɽ͕ͨͬͯ͠ɼ
Rmxtc ͸ Fq ͷશͯͷཁૉ͕ಉ༷ʹ͔֬Β͘͠ɼ
H(Ym,tc | Ym,t1 , Ym,t2 , . . . , Ym,tc−1)
= log q
= H(Ym,tc), 1 ≤ m ≤ pi (89)
͕੒ΓཱͭɽΑͬͯɼࣜ (82), (85), (92)ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≥ H(Ytc) (90)
ΛಘΔɽࣜ (93)ٴͼ৚݅෦ʹ֬཰ม਺Λ૿΍ͯ͠΋Τ
ϯτϩϐʔ͸૿Ճ͠ͳ͍ͱ͍͏৚݅෇͖Τϯτϩϐʔ
ͷੑ࣭ [11, ఆཧ 2.6.5]
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) ≤ H(Ytc) (91)
ΑΓɼ
H(Ytc | Yt1 , Yt2 , . . . , Ytc−1) = H(Ytc) (92)
͕੒ΓཱͭͷͰɼ[n, k, d, c] PM-MBRFූ߸͸ɼ৚݅
(P3)Λຬͨ͢ɽ ˘
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